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ARTICLE INFO abstract

Bacteriophage (phage) treatment has proven successful for the treatment of 
bacteremia caused by Staphylococcus aureus (SA). Surprisingly, a recent study shows 
that blood inhibits SA phage propagation in vitro. Here we investigate putative in vitro 
inhibition of SA and/or phage K propagation by human whole blood, serum and plasma. 
We studied the ability of phage K to produce progeny in three SA strains growing in 
different media. The ability of S. aureus to multiply in human whole blood, serum and 
plasma were determined by CFU (Colony Forming Units) titration. Phage K propagation 
was evaluated by PFU (Plaque Forming Units) titration using on the double agar overlay 
technique. S. aureus grows robustly in whole blood and serum. By contrast, whole 
blood, serum and plasma strongly inhibit the propagation of phage K in three different 
SA strains. Our results demonstrate that SA-phage propagation inhibition by blood is 
not due to lack of growth of the host, and suggest an effect of the liquid components of 
human blood preventing the propagation of phage K.

Introduction
The specter of antimicrobial resistance has been present as 

far back as antibiotic treatment for bacterial infections has been 
available [1]. The current state of bacterial resistance to antibiotics 
coupled with inadequate development of more potent drugs is 
increasing the proportion of untreatable bacterial infections [2,3]. 
Currently more than 23,000 deaths are attributed to multi-drug 
resistant microorganisms in the United States each year, with 
worldwide deaths from resistance estimated to reach 10 million 
by 2050 [4]. One such resistant bacteria, Methicillin Resistant 
Staphylococcus aureus (MRSA), is of special international concern 
[2]. MRSA represents a primary cause of hospital acquired 
infections and is responsible for over 12,000 related deaths in the 
United States each year [5]. Identifying efficacious novel therapies 
to combat the inexorable increase in MRSA commensurate is 
imperative to public health. Among the novel approaches to combat 
bacterial resistance, phages have been utilized as a standalone and 
adjunct of antibiotic treatment to combat antibiotic resistance [6].  

 
Phages are prokaryotic viruses that infect and replicate within 
bacteria. In the case of lytic phages, the result of this infection is 
bacterial lysis/killing and release of phage progeny in other sites of 
infection in the body which continues the life cycle. Phage therapy 
employs targeted application of lytic phage(s) to infect and kill a 
specific pathogenic bacterium [7-10].

Phage therapy is highly relevant for military medicine, both 
on the battlefield and in military treatment facilities in the United 
States. Phage therapy during World War II lead to significant 
decreases in gangrene and amputations.10 During recent conflicts 
almost 9% of all United States combat deaths were caused by 
wound exposure to bacteria in the battlefield; these infections have 
a high prevalence of multidrug-resistance.10 Western medicine has 
reembraced phage therapy due to the rapid increase in bacterial 
multidrug resistance at the end of the 20th century [7,9, 11-13]. 
Phage therapy can clear Enterococcus and Vibrio infections in 
mouse and rabbit models and protect against S. aureus (SA) and 
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E. coli infections in mouse model studies [9,13-18]. Moreover, the 
efficacy and safety of phage therapy has also been demonstrated in 
humans [19-23].In the case of MRSA-mediated septicemia, therapy 
with phage S13′ has proven effective in mice [24]. These results are 
important given over half a million cases of sepsis occur each year 
in the United States, resulting in up to 50 percent mortality despite 
antibiotic treatment [25].

Interestingly, a recent study has shown that SA phage SATA-
8505A is effective on the treatment of MRSA skin infections in mice, 
but the phage is unable to propagate and kill MRSA ex-vivo in the 
presence of human whole blood [26]. This raises the question on 
how phages could be effective in the treatment of SA bacteremia 
since they can’t kill the host in the blood matrix. The authors 
suggest that a possible reason for this is a lack of SA growth in 
blood. Since phages required active growth of their host for their 
own multiplication, this will explain the results. Due to the paucity 
of data regarding SA killing in blood by phages, or even sound body 
of information on the ability of this bacteria to growth in blood, 
additional studies on this subject are important to further evaluate 
phage therapy against MRSA infections. Here we evaluate the effect 
of human blood on phage activity against SA in vitro. We focused on 
SA- phage K due to its broad range and strong virulence toward SA, 
and on phage K propagation using three clinical SA strains.

Materials and Methods

Bacterial Strains, Phage K, and Growth Methods

S. aureus strains ATCC 11987 (SA11987), 1415 (SA1415) and 
1012 (SA1012) selected from our bacterial collection. SA11987 is a 
common   with widespread research use [27]. SA1415 and SA1012 
are respectively MSSA and MRSA nosocomial clinical isolates from 
Fort Benning, GA [28]. Phage K was purchased from ATCC (19685-
B1) [29]. Bacteria and phage K were commonly propagated in tryp-
tic soy broth (TSB; Thermo Fisher Scientific, Waltham, MA) at 37°C.

Blood Source

Sodium fluoride anticoagulated Group AB RhD positive human 
whole blood, pooled frozen off-clot Group AB RhD positive serum 
from male donors and frozen group O RhD positive plasma from 
male donors were utilized. These products were sourced from paid 
donors by Zenbio Incorporated (Durham, NC) and shipped within 
2 business days of collection. Group AB RhD positive whole blood 
and serum were selected to minimize naturally occurring ABO 
blood group antibodies present. Sodium fluoride anticoagulant was 
selected to minimize available amino acid and sugar sources for SA 
which could confound growth results. Group O RhD positive frozen 
plasma was selected an alternative blood group component in the 
event phage K was unable to propagate in whole blood and serum.

Double Agar Layer Technique

Phage K titers (Plaque Forming Units/ml or pfu/ml) were de-
termined by visualization of plaques on TSA plates using the soft 
agar overlay technique previously described [21]. Briefly, 100µl 

aliquot of each sample was mixed with 900µl of phosphate buffer 
saline pH 7.4 (PBS) and serially diluted as appropriated. 10µl of 
each dilution was then used to infect 100µl of exponential growth 
S. aureus, incubated at 37°C for 5 minutes, added to 2.5ml of melted 
top agar (59°C) and poured immediately on a TSA plates. All plates 
were incubated for 24 hours at 37°C and the phage plaques enu-
merated.

Titration of SA and Phage K

The number of SA cells in liquid cultures were estimated 
by determining the number of Colony Forming Units (CFU) as 
previously described [18]. Briefly, the cultures were sequentially 
diluted in PBS followed by plating in TSB-agar plates and incubated 
overnight at 37°C. Colonies were counted and this number used 
to extrapolate the original cell concentration. The infection of SA 
with phages were done at Multiplicity of Infection (MOI) of 10, to 
avoid killing form without, unless indicated otherwise [30]. The 
number of phage K particles in liquid cultures were estimated 
by determining the number of Plaque Forming Units (PFU) as 
previously described [18]. The cultures were sequentially diluted in 
PBS followed by plating in TSB-agar plates and incubated overnight 
at 37°C. Plaques were counted and this number used to extrapolate 
the original phage K concentration.

Results

S. aureus Grows in Blood In Vitro

In order to evaluate the putative inhibitory effect of human 
blood on the growth of SA in vitro, we characterized the growth 
of three SA strains directly in undiluted human blood. SA11987, 
SA1415 (MSSA) and SA1012 (MRSA) overnight cultures were di-
luted 1/100 in fresh TSB and allowed the cultures to proceed to 
OD600 of 0.1 in order to begin with cells in exponential growth 
phase. At this point, the cultures were further diluted to OD600 of 
0.001 (~106 CFU/ml) in PBS [18]. 20µl of this dilution was inoculat-
ed in 1ml of media (either TSB or the different blood media, as in-
dicated) and incubated at 37°C with constant agitation (200 rpm). 
Samples were taken at 0, 3, 6, 9- and 24-hour time points, and the 
CFU/ml calculated. As can be seen in Figure 1A, SA11987 demon-
strated increases in CFU/ml ~200,000 fold after 9 hours incubation 
in TSB. This is equivalent to 17.6 generations (log2n=log2x105), 31 
minutes generation time (g=t/n). SA11987 growth in blood is not 
halted and shows a robust growth, although slower than in TSB 
(in 9 hours, ~10,000-fold increase; 13.3 generations; 40 minutes 
duplication time). Similar results were obtained for SA1415 and 
SA1012 (Figure 1B & 1C). Therefore, although whole blood is not as 
good growth media as TSB, whole blood supports a robust in vitro 
growth of S. aureus. The growth of all S. aureus strains in serum 
demonstrated nearly identical growth rates across the strains, with 
growth observed from initial concentrations of 105 CFU/ml to 107 
CFU/ml at 9 hours incubation. As in whole blood, the growth of all 
S. aureus strains was within ~1 log of their growth in TSB control 
medium after 24 hours.
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Figure 1: S. aureus Multiplies in Human Whole Blood and Serum In vitro
a. Growth of S. aureus 11987 incubated in various media in vitro at 37°C. The blue, red and green lines correspond to the 
growth plots of the bacteria in TSB, whole blood and serum respectively. 
b. Growth of S. aureus 1415 incubated in various media in vitro at 37°C. The color coding of the growth plots as in panel A.
c. Growth of S. aureus 1012 incubated in various media in vitro at 37°C. The color coding of the growth plots as in panel A. 
Cfu, Colony Forming Units.

Phage K Propagation in S. aureus is Inhibited in Presence 
of Human Blood

We followed a similar approach for the evaluation of the effect of 
blood on the propagation of phages. Exponential SA cultures were 
infected with phage K at time 0, samples were taken at 0, 3, 6, 9 and 
24 hour time points, and the phage titers were determined using 
the double layer agar technique. The regular propagation curve 
of phage K infected into S. aureus inoculums in TSB medium at a 
MOI of 10 in Figure 2 demonstrates the replication of phage K, with 
titers increasing ~1,000 fold after 3 hours for all S. aureus strains. 

By contrast the titer of phage K did not significantly increase during 
this period of time when SA11987, SA1415 or SA1012 were cultured 
in whole blood (Figure 2). Thus, blood inhibits phage K propagation 
and this effect is not due to the lack of growth of its host. To clarify if 
phage K inhibition is mediated by the cellular components of blood, 
or by constituents of the coagulation cascade (fibrinogen and pro-
coagulant factors), we repeated the experiments in using plasma 
and serum as culture media respectively. Our results suggest 
neither of the aforementioned factors are integral to inhibition of 
phage K propagation (Figure 2).
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Figure 2: Phage K Fails to Kill S. aureus in Human Whole Blood and Serum In vitro

a. Propagation of phage K in S. aureus 11987 incubated in various media in vitro at 37°C. The blue, red, green and purple 
lines correspond to the phage propagation plots in TSB, whole blood, serum and plasma respectively.

b. Propagation of phage K in S. aureus 1415 incubated in various media in vitro at 37°C. The color coding of the propagation 
plots as in panel A.

c. Propagation of phage K in S. aureus 1012 incubated in various media in vitro at 37°C. The color coding of the propagation 
plots as in panel A. Pfu, Plaque Forming Units.

Conclusion

Due to the obvious implications for the future use of phage 
therapy in S. aureus bacteremia cases, we investigated the recently 
described inhibition of SA phage propagation by blood in vitro 26. 
This phenomenon could be ascribed simply to the lack of growth 
of S. aureus in blood, thus indirectly depriving the phages of the 
bacterial metabolic resources necessary for the completion of their 
life cycle 26. However, we show here that S. aureus does multiply 
in human whole blood and serum. Nevertheless, we also show that 
despite the growth of S. aureus in blood, phage K propagation is 
compromised. Therefore, our results support the inhibition of SA 
phages by blood in vitro and rule out that this effect is due to lack of 
growth of the bacterial host.
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