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ABSTRACT Methicillin-resistant Staphylococcus aureus (MRSA) bloodstream infec-
tions are associated with significant morbidity and mortality. MRSA secretes a num-
ber of virulence factors and pore-forming toxins that enable tissue invasion. Prior
studies have found associations between decreased toxin production and poor out-
comes in invasive MRSA infection, particularly in pneumonia. In this retrospective
observational cohort study of MRSA bacteremia in adult patients from 2007 to 2015,
we examined whether cytotoxicity was associated with 30-day mortality. Isolates
were obtained from 776 patients and screened for cytotoxicity in a human HL-60
cell model, antimicrobial susceptibility, and spa type, and clinical data were
abstracted from charts. We did not find an association between low cytotoxic activity
and 30-day mortality in univariate logistic regression analyses. There was a difference
in distribution of the genotypes across cytotoxicity phenotypes, with spa-CC008
accounting for a larger proportion of isolates in the high cytotoxicity group. Isolates
with a skin and soft tissue primary infective site had a higher median cytotoxicity.
There was no association between cytotoxicity and host factors such as age or
comorbidity burden. The isolates in our study came from heterogeneous primary
sites of infection and were predominantly from spa-CC002 and spa-CC008 lineages,
so it is possible that findings in prior studies reflect a different distribution in geno-
types and clinical syndromes. Overall, in this large study of cytotoxicity of MRSA
bloodstream isolates, we did not find the low cytotoxicity phenotype to be predic-
tive of poor outcomes in MRSA bacteremia.
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S taphylococcus aureus infections are prevalent worldwide and are often accompanied
by serious complications such as endocarditis and bacteremia (1, 2). S. aureus invasion

of the bloodstream is associated with high mortality rates, as well as significant health care
costs associated with prolonged treatment courses and hospitalizations. Infection with
methicillin-resistant S. aureus (MRSA) is typically associated with higher rates of treatment
failure, metastatic spread of infection, and poorer outcomes than methicillin-susceptible S.
aureus (MSSA) infection, in part due to more limited antibiotic treatment options (3, 4).
Developing a better understanding of the pathogenesis underlying bloodstream invasion
and the bacterial attributes that allow persistence of infection and immune evasion could
shed light on potential new targets for interventions.

S. aureus produces a number of toxins and virulence factors that allow it to adhere
to and invade tissue (5–8). Toxin production is controlled by global regulator genes
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such as agr, with agr dysfunction generally associated with decreased toxin production
and attenuation of phenotypic virulence (9–15). Traditionally, greater cytotoxicity has
been assumed to cause greater severity of disease (16). However, recent research find-
ings have challenged aspects of the relationship between toxin production and clinical
outcomes (17, 18). This includes reports of associations between a low-cytotoxicity
phenotype of MRSA isolates and complications such as bloodstream infection and
increased mortality (17, 18). Additionally, dysfunction in the agr gene, a global regula-
tor of multiple housekeeping genes and secreted toxins, has been associated with
higher mortality in patients with bacteremia (19). A low-cytotoxicity phenotype and
agr dysfunction have also been linked to persistence of S. aureus in the bloodstream
and development of chronic infections such as osteomyelitis (17, 18, 20, 21). Based on
genomic analysis of clinical isolates, it has been proposed that within-host genetic ad-
aptation may occur to downregulate toxin production and facilitate both bacterial sur-
vival and immune evasion (18, 22, 23). This suggests that once bacteremia is estab-
lished, toxin production is no longer a major driver of disease severity and clinical
outcomes. As a result, targeting toxin production with the use of protein synthesis-in-
hibiting antibiotics may have less of a role in bacteremia.

There are also characteristic clonal patterns in toxin production and cytotoxic activ-
ity, with health care-associated MRSA clones typically demonstrating lower cytotoxic
activity in phenotypical assays (17). Vancomycin-intermediate S. aureus (VISA) isolates
have been found to have downregulated expression of toxins and poor cytotoxicity in
vitro (17, 24, 25).

Another possible explanation for the observed association between low-cytotoxic-
ity S. aureus strains and mortality is that, rather than representing an enhanced ability
to cause invasive disease, low cytotoxicity is simply a marker of impaired host status
and the tendency of such hosts to be colonized and infected with weakly cytotoxic
hospital-associated clones (17). The inverse association between cytotoxicity and mor-
tality has not consistently been supported by data (26). The variety of clinical contexts
and genotypic backgrounds across which this association has been studied also makes
broader conclusions about the relationship difficult.

In this study, we evaluated the cytotoxic activity of a large comprehensive collec-
tion of MRSA bloodstream isolates (27), and we described the clinical and bacterial
characteristics associated with high- and low-cytotoxicity phenotypes. We then
explored whether there was an association between cytotoxicity and all-cause 30-day
mortality in MRSA bacteremia. We hypothesize that patients with infections with MRSA
bloodstream isolates with lower cytotoxicity will have a paradoxically higher 30-day
mortality.

RESULTS
Study cohort and cytotoxicity. After excluding isolates that either did not grow or

where there was greater than 30% variability in the percentage of cell killing, there
were a total of 776 MRSA bacteremia episodes that were included in the analysis. The
overall characteristics of the study population are shown in Table 1. The patients in
the high-cytotoxicity and low-cytotoxicity cohorts were similar. The average age of the
overall cohort was 62 (median, 62), and 44% were over the age of 65. Forty-three per-
cent of isolates were from spa-CC002/ST5, and 49% were from spa-CC008/ST8.
Notably, high-cytotoxicity isolates were more likely to come from a skin/soft tissue
source, have a higher vancomycin MIC (measured via geometric mean), and were more
often spa-CC008. Low-cytotoxicity isolates were more often agr defective.

The most common primary foci of infection were pneumonia (18%), skin and soft
tissue infection (17%), and catheter-related infection (20%) (Table 1). Twenty-one per-
cent of the episodes were classified as “primary” bacteremia, without a clear primary
source. ID consultation data were only available for 508 patients (2011 to 2015), and in
64% of these cases, an ID consultation was obtained. The 30-day mortality in this
cohort was 26%.
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The median toxicity for all isolates was 87.9% (interquartile range [IQR], 79.50 to
90.53%). Our predefined cutoff for high cytotoxicity was .90.53% (top quartile,
n = 194) cell killing. The median toxicity for the low-cytotoxic activity group (n = 582)
was 85.66%. Of these low-toxicity isolates, 10.7% (n = 62) had percentage of cell killing

TABLE 1 Clinical and bacterial characteristics of MRSA bloodstream infection by cytotoxicity categorya

Characteristic

Data for:

P valueTotal (n = 776)
High-cytotoxicity group
(n = 194)

Low-cytotoxicity group
(n = 582)

Avg age (median [yrs]) 62 (62) 63 (62) 62 (62) 0.62
Age. 65 yrs 341 (44) 86 (44) 255 (44) 0.90
Male sex 450 (58) 109 (56) 341 (59) 0.56
Hospital-onset infection 249 (32) 58 (30) 191 (33) 0.45
Community-onset infection 527 (68) 136 (70) 391 (67) 0.45
PBS (avg [median]) 2.7 (2.0) 2.8 (2.0) 2.6 (2.0) 0.77
PBS$ 4 208 (27) 53 (27) 155 (27) 0.94

Comorbidities
Avg CCI (median) 4.1 (4.0) 3.9 (4.0) 4.2 (4.0) 0.35
CCI$ 3 529 (68) 128 (66) 401 (69) 0.45
Diabetes 81 (10) 22 (11) 59 (10) 0.64
Prior MI/CAD 27 (3.5) 5 (2.6) 22 (3.8) 0.43
Peripheral vascular disease 85 (11) 23 (12) 62 (11) 0.64
Chronic heart failure 104 (13) 25 (13) 79 (14) 0.81
Chronic kidney disease 220 (28) 51 (26) 169 (29) 0.46
ESRD/dialysis 106 (14) 23 (12) 83 (14) 0.40
Liver disease 64 (8.3) 20 (10) 44 (7.6) 0.23
Chronic pulmonary disease 91 (12) 21 (11) 70 (12) 0.65
Connective tissue disease 2 (0.26) 0 (0) 2 (0.34) 0.41
HIV 73 (9.4) 13 (6.7) 60 (10) 0.14
Cerebrovascular disease 8 (1.0) 1 (0.52) 7 (1.2) 0.41
Hemiplegia/paraplegia 15 (1.9) 2 (1.0) 13 (2.2) 0.29
Malignancy 67 (8.6) 17 (8.7) 50 (8.6) 0.94
Chemotherapy 51 (6.6) 12 (6.2) 39 (6.7) 0.80

Infective source
Pneumonia 140 (18) 32 (16) 108 (19) 0.52
Skin and soft tissue infection 136 (17) 45 (23) 91 (16) 0.02
Bone/joint 56 (7.2) 11 (5.7) 45 (7.7) 0.34
Catheter related 153 (20) 35 (18) 118 (20) 0.50
Device related 8 (1.0) 4 (2.1) 4 (0.7) 0.10
Surgical site 51 (6.6) 10 (5.2) 41 (7.0) 0.36
Endovascular 57 (7.4) 13 (6.7) 44 (7.6) 0.69
Other 12 (1.6) 5 (2.6) 7 (1.2) 0.18
Unknown 163 (21) 39 (20) 124 (21) 0.72

Infectious disease consult 323/508 (64) 84/150 (56) 239/358 (67) 0.02
MRSA treatment during hospital stay 743 (96) 187 (96) 556 (96) 0.61

Duration of BSI
$3 days 248 (32) 65 (34) 183 (31) 0.59
$5 days 136 (18) 42 (22) 94 (16) 0.08
$10 days 36 (4.6) 8 (4.1) 28 (4.8) 0.69

Avg length of admission (days) 26 23 27 0.10

Antibiotic susceptibility
Vancomycin MIC, geometric mean 1.37 1.44 1.34 0.02
Vancomycin MIC$ 1.5 332 (43) 93 (48) 239 (41) 0.09

Genotype by spa-CC group
spa-CC002/ST5 335 (43) 46 (24) 289 (50) ,0.01
spa-CC008/ST8 381 (49) 137 (71) 244 (42)
agr defective 243/772 (31) 45/194 (23) 198/578 (34) ,0.01

Mortality
30-day mortality 198 (26) 45 (23) 153 (26) 0.39

aData represent number and percentage in parentheses unless otherwise specified. Abbreviations: CCI, Charlson comorbidity index; MI/CAD, myocardial infarction/coronary
artery disease; ESRD, end-stage renal disease; HIV, human immunodeficiency virus; BSI, bloodstream infection.
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,10. For the group with 30-day mortality, median cytotoxicity was 87.5% versus a me-
dian of 88.0% in those who survived (Fig. 1).

Genotype and cytotoxicity. There was a significant difference in the distribution
of genotypes across high- and low-cytotoxic activity phenotypes. spa-CC008
accounted for a larger proportion of isolates in the highly cytotoxic group (71%
CC008 versus 24% CC002), while spa-CC002 accounted for a larger proportion of iso-
lates in the weakly cytotoxic group (50% CC002 versus 42% CC008, P , 0.0001). The
median cell killing was 83.7% for spa-CC002 isolates and 90.13% for spa-CC008 iso-
lates (Fig. 2). agr dysfunction was more common in the low-toxicity group (34% ver-
sus 23%, P = 0.004). There was a significant difference in the vancomycin MIC distri-
bution between the high- and low-toxicity groups measured via Mann-Whitney test
(geometric mean, 1.344 versus 1.264, respectively; P = 0.02); however, there was no
difference in the proportion of patients with a vancomycin MIC of $1.5 between the
high- and low-toxicity groups.

Clinical variables and mortality. There were no significant differences in baseline
clinical characteristics between the high- and low-cytotoxicity groups (using cutoff
.90.53% cell killing for high versus low), including age (average age, 62 years in low
versus 63 years in high) and male gender (59% in low versus 56% in high) (Table 1).
There were also no significant differences in the distribution of patients with different
comorbidities across the high- and low-toxicity groups, as well as no significant differ-
ence in average Charlson score (4.2 in low versus 3.9 in high) or proportion with
Charlson score $3 (69% in low versus 66% in high.) The average Pitt bacteremia scores
(PBSs) and proportion of patients with PBS $4 also did not differ across the groups.
There were also similar rates of community-onset (CO) and hospital-onset (HO) infec-
tions in the two groups.

Bacteremia duration was also similar across the groups, although there was a higher
proportion of patients with duration $5 days in the high-cytotoxicity group (22% ver-
sus 16%, P = 0.08) (Table 1). Moreover, there was no difference in the median cytotoxic-
ity of isolates causing bacteremia for greater than 10 days (86.24% killing) versus less
than 3 days (87.83% killing) P value of 0.60. There was a greater proportion of skin and
soft tissue infections demonstrating high cytotoxicity (16% low versus 23% high,
P = 0.02). When looking at endovascular sources versus non-endovascular sources,
there was no difference in median cytotoxicity (87.51% versus 87.89%, respectively).
MRSA infections from isolates in the low-cytotoxic activity group had a higher rate of
ID consultation (67% versus 56%, P = 0.02).

FIG 1 Toxicity by 30-day mortality. Cytotoxic activity of each individual clinical isolate is indicated by
filled circle for patients alive at 30 days and those with 30-day mortality. Horizontal bar for each
group indicates median cytotoxicity, with gray bars indicating the interquartile range.
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The 30-day mortality did not differ between the low- and high-cytotoxicity groups
(26% versus 23%, P = 0.39) (Table 1). There was also no significant difference in longer-
term 90-day mortality, although a greater proportion of patients died in the low-toxic-
ity group (35% versus 31%, P = 0.29). There was also no association between mortality
and cytotoxicity in the two most common spa types, spa-CC008 and spa-CC002. In
both of these subgroups, there was no difference in median toxicity of patients with
and without 30-day mortality.

Antibiotic therapy. Ninety-six percent (743) of patients received antibiotic therapy
active against MRSA during hospitalization, defined as receiving vancomycin, dapto-
mycin, linezolid, trimethoprim-sulfamethoxazole, clindamycin, ceftaroline, or rifampin.
Ninety-six percent (711) of the patients who received MRSA-directed therapy received
vancomycin at some point during the treatment course. Thirty-three patients did not
receive MRSA-directed therapy, 12 died within 48 h or were treated with comfort
measures, 8 were considered contaminants, 8 were discharged prior to the culture
result, and 5 improved during the hospitalization without treatment.

The vast majority of patients (96%) received vancomycin therapy, consistent with
hospital guidelines. Antibiotic therapy was further subdivided into receipt of vancomy-
cin alone, receipt of a bactericidal antibiotic (daptomycin and/or ceftaroline) with or
without vancomycin, or receipt of a protein synthesis inhibitor (clindamycin and/or
linezolid) with or without vancomycin. Five hundred seventy-four patients received
vancomycin alone, 106 patients received a bactericidal antibiotic, while 40 patients
received a protein synthesis inhibitor.

Predictors of 30-day mortality. To examine predictors of all-cause 30-day mortal-
ity, we performed univariate logistic regression analyses using the clinical and micro-
biologic variables. In univariate analysis (Table 2), age .65 years, female sex, hospital-
onset infection, Charlson score $3, Pitt bacteremia score $4, and pneumonia as the
source of infection were predictive of mortality (Table 2). Community-onset infection,
bone/joint infection, catheter-related infection, and receipt of a bactericidal antibiotic
were inversely associated with mortality. Receipt of vancomycin alone or receipt of a
protein synthesis inhibitor was not associated with mortality. In multivariate analysis,
age greater than 65, diagnosis of heart failure, recent receipt of chemotherapy, Pitt
bacteremia score of greater than or equal to 4, pneumonia as the primary source, and
endovascular infection as the primary source were predictors of mortality. Infectious
diseases consultation was the only variable inversely associated with mortality in

FIG 2 Toxicity by spa type. Cytotoxic activity of each clinical isolates from the three most common
spa types from our cohort. Horizontal bar for each group indicates median cytotoxicity, with gray
bars indicating the interquartile range. ****, P , 0.01.
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TABLE 2 Predictors of mortality in MRSA S. aureus bacteremiaa

Characteristic

Data for:

Univariate OR
(95% CI)

Univariate
P value

Multivariate
OR (95% CI)

Multivariate
P value

Total
(n = 776)

30-day
mortality
(n = 198)

Survival
(n = 578)

Avg age (median) 62 (62) 70 (74) 59 (58) ,0.01
Age. 65 341 (44) 122 (62) 219 (38) 2.63 (1.89–3.67) ,0.01 2.07 (1.28–3.34) ,0.01
Female sex 326 (42) 100 (51) 226 (39) 1.59 (1.15–2.20) ,0.01 1.50 (0.95–2.36) 0.13
Hospital-onset infection 249 (32) 78 (39) 171 (30) 1.55 (1.11–2.17) 0.01
Community-onset infection 527 (68) 120 (61) 407 (70) 0.65 (0.46–0.90) 0.01 0.72 (0.44–1.18) 0.20
Pitt Bacteremia Score, avg (med) 2.6 (2.0) 4.8 (4) 1.9 (1) ,0.01
PBS$ 4 208 (27) 108 (55) 100 (17) 5.78 (4.05–8.24) ,0.01 4.37 (2.64–7.23) ,0.01

Comorbidities
Avg CCI (median) 4.1 (4.0) 4.5 (4.0) 4.0 (4.0) ,0.01
CCI$3 529 (68) 160 (81) 369 (64) 2.38 (1.61–3.53) ,0.01
Diabetes 81 (10) 14 (7) 67 (12) 0.58 (0.32–1.06) 0.08 0.51 (0.18–1.42) 0.20
Prior MI/CAD 27 (3.5) 10 (5) 17 (2.9) 1.76 (0.79–3.90) 0.17 1.98 (0.54–7.20) 0.30
Peripheral vascular disease 85 (11) 19 (9.6) 66 (11) 0.82 (0.48–1.41) 0.48
Chronic heart failure 104 (13) 35 (18) 69 (12) 1.58 (1.02–2.47) 0.04 2.15 (1.09–4.24) 0.03
Chronic kidney disease 220 (28) 50 (25) 170 (29) 0.81 (0.56–1.17) 0.26
ESRD/dialysis 106 (14) 20 (10) 86 (15) 0.64 (0.38–1.08) 0.09 0.90 (0.40–2.00) 0.79
Liver disease 64 (8.3) 18 (9.1) 46 (8.0) 1.16 (0.65–2.05) 0.62
Chronic pulmonary disease 91 (12) 24 (12) 67 (12) 1.05 (0.64–1.73) 0.84
Connective tissue disease 2 (0.3) 1 (0.5) 1 (0.2) 2.92 (0.18–47) 0.45
HIV 73 (9.4) 12 (6.1) 61 (11) 0.55 (0.29–1.04) 0.07
Cerebrovascular disease 8 (1.0) 3 (1.5) 5 (0.9) 1.76 (0.42–7.45) 0.44
Hemiplegia/paraplegia 15 (1.9) 0 (0) 15 (2.6) NA 0.98
Malignancy 67 (8.6) 21 (11) 46 (8.0) 1.37 (0.80–2.36) 0.25
Chemotherapy 51 (6.6) 23 (12) 28 (4.8) 2.58 (1.45–4.60) ,0.01 3.64 (1.60–8.30) ,0.01

Infective source
Pneumonia 140 (18) 60 (30) 80 (14) 2.71 (1.84–3.97) ,0.01 2.14 (1.17–3.93) 0.01
Skin and soft tissue infection 136 (17) 27 (14) 109 (19) 0.68 (0.43–1.07) 0.10
Bone/joint 56 (7.2) 5 (2.5) 51 (9) 0.27 (0.11–0.68) ,0.01
Catheter related 153 (20) 27 (14) 126 (22) 0.57 (0.36–0.89) 0.01
Device related 8 (1.0) 1 (0.5) 7 (1) 0.41 (0.05–3.39) 0.41
Surgical site 51 (6.6) 5 (0.03) 46 (8) 0.30 (0.12–0.77) 0.01
Endovascular 57 (7.4) 15 (7.5) 42 (7) 1.05 (0.57–1.93) 0.88 2.63 (1.11–6.24) 0.03
Other 12 (1.5) 2 (1) 10 (2) 0.58 (0.13–2.67) 0.48
Unknown 163 (21) 56 (28) 107 (19) 1.74 (1.19–2.52) ,0.01 1.36 (0.71–2.59) 0.35

Infectious disease consult 323/508 (64) 66/129 (51) 257/379 (68) 0.50 (0.33–0.75) ,0.01 0.4 (0.31–0.88) 0.02
MRSA treatment during hospital stay 743 (95) 184 (93) 559 (97) 0.45 (0.22–0.91) 0.03 0.44 (0.14–1.41) 0.17
Vancomycin monotherapy 574 (74) 154 (78) 420 (76) 1.32 (0.90–1.93) 0.16
Bactericidal therapy 106 (14) 17 (9) 89 (15) 0.52 (0.30–0.89) 0.02 0.76 (0.37–1.57) 0.46
Protein synthesis inhibitor therapy 40 (5) 8 (4) 32 (6) 0.72 (0.33–1.59) 0.41

Duration of BSI
$3 days 248 (32) 59 (30) 189 (33) 0.87 (0.62–1.24) 0.45 1.24 (0.71–2.1) 0.45
$5 days 136 (17) 33 (17) 103 (18) 0.92 (0.60–1.42) 0.71
$10 days 36 (4.6) 7 (3.5) 29 (5) 0.69 (0.30–1.61) 0.39

Vancomycin MIC$ 1.5 332 (43) 84 (42) 248 (43) 0.98 (0.71–1.36) 0.91

Genotype by spa-CC group
spa-CC002/ST5 335 (43) 96 (48) 239 (41) 1.21 (0.64–2.26) 0.56
spa-CC008/ST8 381 (49) 87 (44) 294 (51) 0.89 (0.47–1.67) 0.71
agr functional 529/772 (68) 134/198 (68) 395/574 (69) 0.95 (0.67–1.34) 0.77 1.13 (0.68–1.87) 0.63

Cytotoxic virulence
High cytotoxicity 194 (25) 45 (23) 149 (26) 1.18 (0.81–1.72) 0.39 0.69 (0.41–1.17) 0.17

Cytotoxicity quartiles
Q1 194 (25) 54 (27) 140 (24) 0.34
Q2 versus Q1 194 (25) 49 (25) 145 (25) 0.88 (0.56–1.38) 0.57
Q3 versus Q1 194 (25) 50 (25) 144 (25) 0.90 (0.57–1.41) 0.65
Q4 versus Q1 194 (25) 45 (23) 149 (26) 0.78 (0.50–1.24) 0.30

aData represent number and percentage in parentheses unless otherwise specified. OR, odds ratio; CI, confidence interval; NA, not available.
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multivariate analysis. Receipt of a bactericidal antibiotic was no longer inversely associ-
ated with mortality in multivariate analysis.

There was no significant association between high and low cytotoxicity (using the
cutoff.90% cell killing) or cytotoxicity quartile and 30-day mortality in univariate anal-
ysis (Table 2). High versus low cytotoxicity was included in the multivariate analysis a
priori but did not show association with 30-day mortality. We also performed a sepa-
rate analysis evaluating 30-day mortality in patients infected with isolates with 20%
cell killing or less compared to patients with infections from the highest quartile. Here,
we found no significant difference in 30-day mortality between these two groups (26%
and 24%, respectively).

DISCUSSION

In this large cohort of patients with MRSA bacteremia, there was no significant
increase in all-cause 30-day mortality for patients with BSI caused by low cytotoxicity
compared with BSI from high-cytotoxicity isolates. In addition, we found no significant
association between host factors such as age or comorbidity burden and cytotoxicity
level; however, there was an association between site of infection (skin and soft tissue
infection [SSTI] with high cytotoxicity) as well as strain type (ST5/spa-CC002 with low
and ST8/spa-CC008 with high cytotoxicity) and cytotoxicity level. Additionally, we did
see a trend toward a lower 30-day mortality in patients with infections caused by iso-
lates in the highest-cytotoxicity quartile. The study of MRSA, rather than MSSA, blood-
stream isolates was chosen given a more homogenous genotypic background, with
significantly fewer strain types (ST) than equal numbers of MSSA isolates. Moreover,
given significant differences in 30-day mortality between MRSA and MSSA bacteremia,
studying the relationship between cytotoxicity and 30-day mortality in a cohort with
both MRSA and MSSA isolates could introduce unknown bias.

These findings stand in contrast to prior studies that have found links between low
cytotoxicity and both propensity for bloodstream infection and poor outcomes (17,
18). There are a number of differences between the current study and these prior
investigations. These include patient characteristics and clinical variables (our study
examined MRSA BSI isolates from a heterogeneous group of infective sites, whereas
prior investigations have looked at a single or limited number of infective sources),
which may contribute to differences in findings. The isolates included in this study
were primarily of spa-CC002 (CC2/ST5) and spa-CC008 (CC8/ST8) lineages accounting
for 92% of isolates, reflective of the molecular epidemiology of MRSA bloodstream
infections in the United States, and this predominance of CC2 and CC8 genotypes mir-
rors that found in prior studies of cytotoxicity (17).

The CC8/ST8 lineage, most notably USA300, typically demonstrates expression of
PVL and high levels of toxin production, and ST8 isolates have typically been associated
with community-acquired MRSA infections. CC2/ST5 strains have traditionally been
more frequently seen in hospital-onset infection; however, recent studies have sug-
gested some blurring of these epidemiologic patterns (27, 28). Previous studies have
suggested that regulation of cytotoxicity may be a strategy employed in a strain-spe-
cific manner in MRSA infection (26). While we found an association between clonal
complexes and cytotoxicity, with spa-CC002 associated with low cytotoxicity and spa-
CC008 associated with high cytotoxicity, there was no association between cytotoxic
activity and mortality, either for the overall group or within individual strains. There
was a trend toward higher mortality in patients infected with spa-CC002, the strain
type associated with lower toxicity, so it is possible that the mortality association seen
in other studies is due to a greater proportion of spa-CC002.

Receipt of a protein synthesis inhibiting antibiotic had no effect on 30-day mortal-
ity. This lends support to the notion that once bacteremia is established, cytotoxin pro-
duction does not appear to be a major driver of clinical outcomes, particularly 30-day
mortality. Downregulation of cytotoxin production, as a precursor to or a result of
bloodstream invasion, may represent a bacterial adaptation for improved immune
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evasion and survival. Interestingly, we did see an inverse association between receipt
of a bactericidal antibiotic and 30-day mortality in univariate analysis; however, this
association was no longer seen multivariate analysis. Ninety-one percent of patients
who received a bactericidal antibiotic had an infectious disease consultant, which was
independently protective against 30-day mortality in multivariate analysis, compared
to 63% in the overall cohort. This could explain the discrepancy seen between univari-
ate and multivariate analysis. Over the 8-year study period, 28 patients who had repeat
episodes of bacteremia and 4 patients who had three episodes of bacteremia were
included in the study. To ensure that inclusion of these patients did not affect the out-
come of the study, we performed a sensitivity analysis where only the first episode of
bacteremia was included. In this analysis, only receipt of bactericidal antibiotics was no
longer inversely associated with 30-day mortality (P = 0.02 to 0.08). There was no
change in any other variables in the univariate or multivariate analyses.

Bacteremia is one of the most severe manifestations of MRSA infection, and detec-
tion of MRSA in the blood clearly signals infection, whereas classification of other clini-
cal syndromes in MRSA infection can problematic due to issues such as colonization,
infection at multiple sites, or difficulty assigning a primary infective site in retrospective
analyses. Bloodstream infection (BSI) therefore, while resulting from a heterogeneous
group of infective sites, is a clearly defined clinical entity, and all MRSA infections com-
plicated by BSI are considered severe and are associated with high mortality. In this
way, bacteremia represents an optimal model for studying the impact of cytotoxicity
on outcomes. It is possible that for certain infective sites or clinical syndromes, such as
pneumonia, an association exists between cytotoxicity and either bloodstream inva-
sion or mortality, and our study of heterogeneous clinical syndromes did not capture
this difference. Also, we did not look at corresponding infective site isolates; therefore,
we were not able to assess whether there was a difference in cytotoxicity or downregu-
lation between the infective site and bloodstream isolates. Indeed, toxin analysis of
paired S. aureus clones from blood infection and carriage and infecting sites in individ-
ual patients with bacteremia suggests that the transition from commensalism to op-
portunism in S. aureus does not require full virulence in hospitalized patients (29, 30).

Although we did not find a difference in mortality between groups infected with
low- versus high-cytotoxicity isolates, the presence of such low-cytotoxicity isolates in
invasive infection is, in itself, interesting. Certainly, hosts with impaired immune func-
tion may be susceptible to any pathogen, including pathogens with reduced virulence,
such that invasive infection with low-virulence pathogens is more a marker of host
compromise. However, unlike prior studies, we did not find an association between
comorbidity burden and cytotoxicity (17). While a majority of our bloodstream isolates
demonstrated high cytotoxicity, it is possible that the isolates with decreased cytotox-
icity developed this as a result of genetic adaptation to allow bloodstream invasion, as
others have theorized (18, 20, 22).

In this study, we used a phenotypic assay that has been used in multiple prior stud-
ies to evaluate production of cytolytic toxins, particularly LukAB, by S. aureus (9, 17, 18,
31, 32). The PMN-HL60-based assay does not capture all S. aureus toxin production;
however, it provides a useful laboratory phenotype that reflects overall production of
pore-forming toxins. While we did not fully characterize the genetic underpinnings of
the low-cytotoxicity phenotype in our isolates, we did define agr dysfunction via he-
molysis assay. There was an association with low cytotoxicity and agr dysfunction, but
there was not complete correlation. This suggests additional regulatory genes are
involved in cytotoxicity that we did not evaluate; however, other groups have pursued
this question and identified a number of potential genetic candidates (12, 14, 15, 22).
Additionally, while assessing cytotoxicity, we only tested one concentration of bacterial
supernatant (20%). It is possible that at lower concentrations, the cytotoxic distribution
of our cohort could differ.

Despite the above limitations, this is the largest study examining the impact of cy-
totoxicity on mortality in MRSA bloodstream infections. While prior studies have found
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an association between attenuated virulence and outcomes, we did not find the low-
cytotoxicity phenotype to be a predictor of mortality.

MATERIALS ANDMETHODS
Population and study design. We carried out a retrospective, observational cohort study of

patients $18 years of age with methicillin-resistant Staphylococcus aureus (MRSA) bloodstream infection
($1 blood culture positive for MRSA) at a large academic medical center in New York City between 1
January 2007 and 31 December 2015. This included a total of 820 MRSA bacteremia isolates, with 776
being included in the final analysis. The 44 isolates that were excluded were either duplicates, from pedi-
atric patients, did not grow in culture, or displayed greater than 30% variability in the cytotoxicity assay.
These isolates were part of a prior retrospective analysis of S. aureus BSI isolates examining clinical and
genotype trends over time (27). The study was approved by the Columbia University Irving Medical
Center Institutional Review Board. We included only the first bloodstream infection per patient for a
given year and included only infections for which there was an available isolate for cytotoxicity screen-
ing. Patients with MRSA bloodstream infection were identified through a search of the electronic medi-
cal record (EMR) system performed by the Clinical Data Warehouse Navigator.

Demographic and clinical data were extracted from the EMR through a data query by the Clinical
Data Warehouse Navigator and through direct chart review by trained reviewers. Clinical data included
demographic information, admission dates, comorbid conditions, infectious diseases consultation, anti-
biotic therapy, clinical course and outcomes, and infective source. Antibiotic data were extracted from
the EMR, and patients were classified as having received MRSA treatment if they received antibiotics
active against MRSA during their hospitalization. Mortality was determined through manual review of
the charts, data extraction from the EMR mortality data, and search of the Social Security Administration
death file. ID consultation data were not available for the 2007 to 2009 period.

Comorbidity data were obtained through a query of the EMR for International Classification of
Diseases, Ninth Revision, Clinical Modification and International Classification of Diseases, Tenth Revision,
Clinical Modification codes corresponding to the comorbidity categories. The obtained data were used
to calculate the comorbidity burden via the Charlson comorbidity index (33). Severity of illness was
quantified through the Pitt bacteremia score (34), based on the highest score achieved #48 h prior to
the index culture.

The primary infective source was determined through review of clinical data in the EMR and based
on either the assessment in the treating clinicians’ notes or relevant clinical data consistent with a partic-
ular source. When the primary source of infection could not be determined, the source was classified as
“unknown.” Duration of bacteremia was determined based on the number of days for which there was a
positive blood culture, and cases with death on day 1 of bacteremia were excluded from duration analy-
sis. Infections were categorized as “community onset” (CO) if a patient had an initial positive blood cul-
ture collected #48 h of admission and “hospital onset” (HO) if the initial positive culture was collected
.48 h after admission.

Outcomes. The primary outcome was all-cause 30-day mortality.
Antibiotic susceptibility and genotyping. The vancomycin MIC was determined using the auto-

mated MicroScan method, based on Clinical and Laboratory Standards Institute references. For genotyp-
ing, spa type was assigned by sequencing the repeat region of the staphylococcal protein A (spa) gene
and using the SpaType Ridom software (35). The multilocus sequence typing mapping database
(https://spa.ridom.de/mlst.shtml), and the Based Upon Repeat Pattern (BURP) clustering algorithm
within Ridom was used for assigning spa types to clonal lineages (spa-CC groups) (36, 37).

agr functionality. Hemolytic activity of the isolates was determined by cross-streaking on sheep
blood agar (SBA) with RN4220, an S. aureus strain which produces only b-hemolysin. This method was
used to identify the three staphylococcal hemolysins—a, b , and d—that are active on SBA. agr dysfunc-
tion was defined as the absence of d -hemolysin within the beta-hemolysis zone (38). Two separate
reviewers were used when results were ambiguous or hard to interpret. If there was disagreement, a
third reviewer was used as a tiebreaker.

Cytotoxic activity. The method that was used for determining cytotoxic activity has been used in
prior studies of MRSA (17). MRSA isolates were inoculated into 150 ml of tryptic soy broth in 96-well
round-bottomed plates. The bacterial cultures were then grown for 16 h, with orbital shaking at 225
rpm at 37°C. Dilutions of the tryptic soy broth (TSB) cultures at 1:75 were performed into Roswell Park
Memorial Institute (RPMI) media supplemented with 1% Casamino Acids (RPMI1CAS) in 96-well, round-
bottomed plates. We then grew 150 ml of the diluted RPMI1CAS culture for 6 h with shaking at 225 rpm
at 37°C. The 96-well plates were centrifuged to pellet the bacteria. Supernatants were collected, and
20 ml of culture supernatant from each well was added to a 96-well flat-bottomed plate and stored at
280°C.

Human promyelocytic HL60 cells were then differentiated into neutrophil-like cells (PMN-HL60)
using dimethyl sulfoxide at a final concentration of 1.5% (Sigma) for 72 h. We added 1.0 � 105 PMN-
HL60 cells suspended in 80 ml of colorless RPMI to the thawed supernatant to achieve 20% supernatant
by volume, with a final well volume of 100 ml. The PMN-HL60 cells were then incubated with the super-
natant for 2 h at 37°C. After 2 h, we added 10ml CellTiter (Promega), a colorimetric assay for determining
cell viability through metabolic activity, and incubated the HL60-PMN-supernatant-CellTiter mixture for
another 2 h at 37°C. Absorbance was then measured at 490 nm on a 96-well plate reader, and percent-
age of cell killing or viability was quantified through comparison against positive- (HL60-PMNs without
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supernatant, 100% viability) and negative-control (HL60-PMN cells with TritonX-100, a detergent, added
to achieve 100% cell killing) wells.

We performed each assay in triplicate, which included separate assays consisting of supernatant col-
lection from three distinct overnight cultures and the use of three independent HL-60 cultures, and we
excluded isolates for which there was greater than 30% variability in the calculated percentage of cell
killing. We also excluded isolates that did not grow in the overnight TSB cultures or the RPMI subculture.
To define high and low cytotoxic activity in this assay, we used the cutoff of $90.53% cell killing, which
is consistent with prior studies (17) and corresponded with our upper quartile cutoff (median, 87.9%;
IQR, 79.50 to 90.53%). Median and interquartile range provide a more appropriate measure between
groups, as the results of the cytotoxicity assays are not normally distributed.

Statistical analysis. Statistical analyses were performed using SAS 9.4 (SAS Institute, Inc. Cary, NC).
We evaluated univariable relationships between clinical variables and cytotoxicity level using x 2 and
Fisher’s exact for categorical variables and Student's t test or Wilcoxon rank sum tests for continuous var-
iables when appropriate. For evaluating the relationship of clinical variables and cytotoxicity level with
mortality, we used the x2 test. The alpha value for statistical significance was defined as 0.05. For the
final multivariate logistic regression model, common risk factors, including age and gender, were
included, along with additional known risk factors for mortality that had a corresponding P value of less
than 0.2. Cytotoxicity level, agr dysfunction, bacteremia duration, antibiotic therapy, and endovascular
source were included in the model a priori.
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