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ABSTRACT The ability of human neutrophils to clear newly attached Staphylococcus
aureus bacteria from a serum-coated glass surface was examined in vitro using time-
lapse confocal scanning laser microscopy. Quantitative image analysis was used to
measure the temporal change in bacterial biomass, neutrophil motility, and fraction
of the surface area policed by neutrophils. In control experiments in which the sur-
face was inoculated with bacteria but no neutrophils were added, prolific bacterial
growth was observed. Neutrophils were able to control bacterial growth but only
consistently when the neutrophil/bacterium number ratio exceeded approximately 1.
When preattached bacteria were given a head start and allowed to grow for 3 h
prior to neutrophil addition, neutrophils were unable to maintain control of the nas-
cent biofilm. In these head-start experiments, aggregates of bacterial biofilm with ar-
eas of 50 um? or larger formed, and the growth of such aggregates continued even
when multiple neutrophils attacked a cluster. These results suggest a model for the
initiation of a biofilm infection in which a delay in neutrophil recruitment to an abi-
otic surface allows surface-attached bacteria time to grow and form aggregates that
become protected from neutrophil clearance. Results from a computational model of
the neutrophil-biofilm surface contest supported this conceptual model and high-
lighted the stochastic nature of the interaction. Additionally, we observed that both
neutrophil motility and clearance of bacteria were impaired when oxygen tension
was reduced to 0% or 2% O,.

KEYWORDS biofilm, neutrophil, device-related infection, immune evasion,
biomaterial, joint infections

mplanted medical devices are vulnerable to localized infections (1, 2). These infec-

tions result when bacteria or yeast attach to the biomaterial surface and form a
biofilm. In the biofilm state, microorganisms are protected from killing by disinfectants
and antibiotics and they evade host defenses (3, 4). Consequently, device-related
infections are recalcitrant to antimicrobial chemotherapy and are extremely difficult to
resolve. Medical devices that are prone to foreign body infection include prosthetic
joints, hernia meshes, orthopedic plates and screws, breast implants, artificial heart
valves, catheters, and many others (1). As one specific example, consider knee and hip
prostheses. In 2013, 27,000 revisions were performed for prosthetic joint infections,
which are traumatic and expensive procedures (5). Because of the large number of
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patients who receive implanted materials in modern medicine, the collective burden to
society, in terms of both economic cost and human suffering, is significant.

The innate immune system rapidly and effectively eliminates microorganisms from
regions of the body where they are not normally resident; however, this process breaks
down in the presence of a foreign body (6, 7). The reasons for this failure are not well
understood, but this observation alone motivates exploration of approaches for restor-
ing innate immune function in the presence of an implanted material. One mechanism
of neutrophil compromise that was previously investigated is chronic activation of
neutrophils that associate with a biomaterial (8-12). As the first responders to infection,
neutrophils are of particular relevance and interest (13, 14).

We consider here six phenomena that may be important for successful clearance of
a biomaterial adherent bacterial cell by a neutrophil. Poor clearance could result from
defects at any one of these steps or from a combination of deficiencies at multiple
steps. We emphasize that our focus is on the very early events after implantation, prior
to the formation of mature biofilm structures that are known to be tolerant to
antimicrobials and innate immunity (1-4). Here are six hypotheses for how a relatively
small number of contaminating bacteria on an implanted medical device could evade
clearance by neutrophils. (i) Recruitment of neutrophils to the implant surface is
delayed, allowing attached bacteria a window of time in which to grow and form
aggregates that are protected. (ii) Neutrophils are recruited to the biomaterial surface
but do not move on or surveil the surface. (iii) Neutrophils are recruited to the implant
surface and patrol it but fail to recognize attached bacteria even when encountered. (iv)
Neutrophils are recruited to the surface and exhibit surveillance and discovery of
attached bacteria but are unable to phagocytose adherent bacterial cells, even lone
cells. (v) Neutrophils are recruited to the surface and exhibit motility, discovery, and
phagocytosis of bacteria but fail to kill phagocytosed cells. (vi) Hypoxia near the
biomaterial interface limits neutrophil motility and bactericidal efficacy.

Discriminating between these hypotheses likely requires direct microscopic obser-
vation of neutrophil-bacterium interactions at the single-cell level. To do this in vivo
would require technically challenging, high-resolution intravital imaging. Such animal
models for imaging individual neutrophil function on an abiotic surface have not yet
been developed. We therefore turned to an in vitro system to perform direct micro-
scopic video observation of human neutrophils interacting with surface-attached bac-
teria. This model gives access to hypotheses 2 to 6 described above but cannot
measure the recruitment time of neutrophils to the implant surface (hypothesis 1).
However, the in vitro model can be used to investigate the consequences of delayed
recruitment by simply adding neutrophils at various time points after the bacterial
attachment step.

In the research presented in this article, we have chosen to use Staphylococcus
aureus as a model organism, as it is commonly implicated in prosthetic joint infections
and has been the subject of extensive work on interaction with the innate immune
system (14-17). Moreover, neutrophils are a key cell in eradicating S. aureus, as
observed by the increase in susceptibility to S. aureus infections in individuals with
neutrophil defects (18, 19). Much of the prior work investigating interaction of S. aureus
biofilms with cells of the mammalian innate immune system has focused on mature
biofilms (20-32). These studies collectively paint a picture of localized immune dys-
regulation, stasis, and sustained inflammation. They often implicate bacterial virulence
factors and complex reciprocal signaling interactions between a bacterium and phago-
cyte. As we were particularly interested in the potential to prevent biofilm infections,
we chose instead to focus on understanding the very early events, those that might
occur in the first several hours following implantation of a contaminated biomaterial.

The goal of the work presented in this article was to characterize phenomena
important in the interaction between human neutrophils and sparsely distributed
bacteria adherent to an abiotic surface, simulating the situation on a medical device
immediately following implantation. We used an in vitro system that allowed for
independent experimental control of the densities of bacteria and neutrophils and also
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FIG 1 Neutrophil discovery and elimination of S. aureus attached to a serum-coated glass surface. Representative
images from time 0 h (top row) and time 4 h (bottom row) from experiments with no neutrophils (A and B), low
density of neutrophils (C and D), high density of neutrophils (E and F), and high density of neutrophils with
preformed bacterial aggregate wherein bacteria were allowed to grow for 3 h prior to neutrophil addition (G and
H) (see also Videos S1 and S4 to S6 in the supplemental material).

of the timing of neutrophil delivery. This microscopy-based system enabled direct
observation of the dynamics of the two types of cells and extensive quantification of
their behaviors by image analysis and suggested rate-limiting steps in the clearance of
attached bacteria by these front-line leukocytes.

RESULTS

Neutrophils migrate on an abiotic surface and discover, phagocytose, and
destroy single attached bacteria or very small bacterial aggregates. We imaged the
interaction of newly attached green fluorescent protein (GFP)-expressing S. aureus with
human neutrophils on a surrogate biomaterial surface in vitro using time-lapse confocal
scanning laser microscopy. Neutrophils were stained red, enabling continuous quanti-
tative monitoring of neutrophil motility and interactions with bacteria. S. aureus was
attached to the glass surface as single cells or aggregates of a few cells (Fig. 1A, C, and
E). Between 5 X 104 and 2 X 10° CFU were initially seeded onto the surface, resulting
in attached bacterial cell densities after rinsing to remove nonadherent bacteria
ranging from approximately 5 X 102 to 8 X 10* objects cm—2 (1.55 X 10* = 1.83 X 10*
objects cm™2). Following attachment, 20% human serum in Hanks’ balanced salt
solution (HBSS) was added to opsonize bacteria and condition the surface. After 30 min,
HBSS was added to dilute the serum to 10%. In control experiments in which the
surface was inoculated with bacteria but no neutrophils were added, the attached
bacteria grew exponentially (Fig. 1A and B; see also Video S1 in the supplemental
material). The measured maximum growth rate was 0.78 = 0.15 h=' (n = 17). Most of
the bacteria remained sessile during the 4-h observation period. The green fluores-
cence from the plasmid-encoded GFP reliably correlated with bacterial growth, as we
did not observe any outgrowth of non-GFP cells, even after 8 h in this system (see
Videos S2 and S3). Additionally, after 8 h of growth, cells were scraped from the surface
and plated on tryptic soy agar. All colonies remained fluorescent under UV light the
following day, indicating plasmid retention.

When human neutrophils were added to the system, they moved in random walk
fashion over the surface (Fig. 1C to F and Videos S4 and S5). As neutrophils encountered
bacterial cells, they appeared to quickly phagocytose the bacteria. The physical asso-
ciation of bacteria with the neutrophil was evident in that the previously stationary
bacteria began to move with the leukocyte, which usually continued to migrate. When
the neutrophil surface density was relatively low, not all the bacterial cells seeded on
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FIG 2 S. aureus bacterial dynamics during interaction with human neutrophils. (A) Representative
experiments corresponding to bacterial growth in the absence of neutrophils, effective control of
bacteria with a relatively high density of neutrophils, and an intermediate outcome at a lower density of
neutrophils. Bottom line indicates the limit of detection (LOD), 1 pixel. (B) Net change in S. aureus
bacterial area after a 4-h interaction with human neutrophils. Higher initial neutrophil numbers resulted
in a net decrease in attached bacteria; n =55 fields of view (17 bacteria only, 38 bacteria plus
neutrophils) from 10 independent experiments.

the surface were discovered by a neutrophil in the 4-h observation window, and
undiscovered bacteria continued to grow and formed small aggregates. When more
neutrophils were present, they discovered most or all the bacteria on the surface. After
phagocytosis of a bacterial aggregate, the GFP signal decayed, suggesting loss of
viability of the bacterial cell (33).

To confirm observations in Fig. 1 and Videos S4 and S5, image analysis was used to
quantify the total area of green fluorescence, as a measure of viable bacterial biomass,
in each field of view over time (Fig. 2). An increase in green fluorescence implied the
net growth of bacteria, whereas a decrease in green fluorescence with time implied
that neutrophil clearance of S. aureus was more rapid than microbial growth (Fig. 2A).
To capture the overall outcome from a particular field of view, we calculated the log;,
difference in GFP area between the time that neutrophils were added and the conclu-
sion of the observation period 4 h later. To further probe the dynamics between the S.
aureus-neutrophil interactions, we varied both the concentration of neutrophils added
to the wells and the amount of bacteria initially attached to the surface (Fig. 2B). We
observed increases in bacterial biomass of up to a log,, difference of 1.26 (in a control
experiment with no neutrophils added) and reductions up to —2.35 (an experiment
with neutrophils in which the GFP area was reduced to its limit of detection). The
magnitude of these decreases in bacterial biomass is comparable to the results of
neutrophil challenges to planktonic bacteria at similar neutrophil/bacterium ratios (34,
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35). The dependence of bacterial biomass on the neutrophil/bacterium ratio plotted in
Fig. 2B was statistically significant (P < 0.0001). Intuitively, better control of the nascent
biofilm was observed when neutrophil densities were higher and bacterial densities
were lower, as there were sufficient neutrophils to discover and phagocytose each
bacterial aggregate. In this set of experiments, the multiplicity of infection (number of
bacterial objects at the beginning of an experiment divided by the average number of
neutrophils in the same field of view over the course of the experiment) ranged from
0.10 to 7, with a mean value of 1.58 £ 1.51.

The LysoBrite stain used to fluorescently label neutrophils did not adversely affect
their ability to clear S. aureus. We challenged S. aureus with neutrophils that were either
unstained or stained with LysoBrite and found that there were no significant differences
in viable bacteria recovered from the surface (P = 0.25), total GFP area remaining on the
surface (P = 0.89), or log differences in GFP area from a given field of view (P = 0.61)
(see Fig. S1A to Q).

Neutrophil movements over the abiotic surface are similar in the presence and
absence of bacteria. Neutrophils moved over the serum-coated surface similarly in the
absence and presence of bacteria. The mean track length of a neutrophil during the 4-h
observation period was 1,485 = 514 um in the presence of bacteria and 1,249 *+ 307 um in
the absence of bacteria (P = 0.1368) (see Fig. S2). A neutrophil random motility coefficient
was calculated to be 2.67 = 0.75 X 1078 cm? s~ by plotting the mean square displace-
ment versus time during a 40-min window of linearity in the first hour of an experiment
(see Table S1). Neutrophils gradually slowed during the 4-h experiment, and some
stopped moving altogether (see Fig. S3). We hypothesized this was due to the deple-
tion of a constituent of the medium or the accumulation of an inhibitive factor. To test
for these effects, we conducted a set of experiments in which the medium was
replenished halfway through an experiment (at t = 2 h) and the speed in the second
2-h interval was compared (Fig. S3). Linear regression was used to compare the speeds
of neutrophils in control and replacement wells both before and after medium replace-
ment. Prior to replacement, both the slopes and intercepts of the two groups were
similar (P = 0.1587 and P = 0.7998, respectively). Following replacement of the
medium, the slopes of the two curves were significantly different (P < 0.0001).
Although there was a slight increase in the speed of polymorphonuclear leukocytes
(PMNs) in wells where the medium was replaced, PMN speed was not restored to levels
observed during the earliest time points of the experiment (n = 8 fields of view, 2
independent experiments), suggesting that depletion of a nutrient in the medium is
not the sole driver of the observed decrease in PMN speed. The decrease in speed over
time is likely in part due to the short life span of neutrophils ex vivo (36).

A measure of the directionality of neutrophil movement was calculated by dividing
neutrophil displacement (distance between the starting location and its location 4 h
later) by the total track length of the leukocyte. This measure is bounded from a
minimum of zero (the neutrophil starts and ends at the same spot) to a maximum of
one (the neutrophil moves in a straight line with no change in direction). The direc-
tionality coefficient was 0.26 = 0.10 and was not significantly different between exper-
iments with and without bacteria (P = 0.4453) (see Fig. S4). To further test for a possible
role of chemotaxis in the discovery of attached bacteria, the fraction of bacteria discovered
by and subsequently associated with a neutrophil was plotted as a function of the
fraction of the field of view that had been patrolled by neutrophils (see Fig. S5). If the
discovery of bacteria was purely random, one would anticipate that this relationship
would be a straight line: when neutrophils had policed 20% of the surface they would
encounter and associate with 20% of the bacteria on the surface. In experiments in
which neutrophils covered 20% of the surface, they discovered and became associated
with approximately 60% of the bacteria, suggesting a chemotactic component of the
discovery of surface-attached bacteria. In some cases, we observed PMNs chemotaxing
toward larger S. aureus aggregates (see Video S6). This suggests that chemotaxis may
be occurring only when aggregates are sufficiently large or when neutrophils are
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FIG 3 Larger S. aureus aggregates are recalcitrant to clearance by human neutrophils. (A) Net change in S. aureus bacterial
area after a 4-h interaction with human neutrophils comparing outcomes from addition of neutrophils immediately
following bacterial attachment (no head start) and after allowing bacteria to grow for 1, 2, or 3 h and form small aggregates
prior to neutrophil addition (pooled head start); n = 38 fields of view without head starts from 9 independent experiments,
n = 24 fields of view with head starts from 4 independent experiments (n = 8 fields of view per head start time). (B)
Clearance of bacteria without a head start compared to pooled head starts of 1, 2, or 3 h (all time points included). Error

bars represent standard deviations of the samples. ****, P < 0.0001 by an unpaired t test.

already quite close to the aggregate, thus not significantly changing the overall
directionality of the neutrophil.

Delaying neutrophil recruitment to the surface allows bacterial aggregates to
form that are recalcitrant to clearance. We noticed that bacteria that were not found
by neutrophils early grew into discrete aggregates and that when these aggregates
were eventually discovered by neutrophils, they appeared to be more difficult for
neutrophils to destroy. To explore this effect further, “head-start” experiments were
conducted, in which bacteria were allowed to grow for 1 to 3 h prior to neutrophil
addition (Fig. 1G and H and Video S6). The average aggregate size within a field of view
at the start of imaging was 6.54 = 1.11 um?, 11.36 = 2.97 um?, and 17.65 = 4.66 um?
after 1-, 2-, and 3-h head starts, respectively (see Fig. S6A). However, larger than average
aggregates formed, and the maximum aggregate size in a given field of view was
12.08 = 3.77 um?, 31.05 = 12.81 um?, and 71.88 * 23.59 um? after 1-, 2-, and 3-h head
starts, respectively (Fig. S6B).

When neutrophils encountered bacterial aggregates that were similar in size or
larger than the neutrophil itself, they often failed to achieve phagocytosis (Video S6).
This outcome was evident in that the bacterial aggregate was not dislodged from the
surface and did not move with neutrophil postencounter, as usually happened with
single bacterial cells. In some cases, it was visibly apparent that the leukocyte failed to
completely engulf the bacterial aggregate and the aggregate continued to grow.
Occasionally, multiple neutrophils attacked the same aggregate, and in some instances,
neutrophil engagement with the bacteria was strong enough to break the bacterial
aggregate into smaller pieces. These observations suggest a range of outcomes, but
in general, the control of bacteria by neutrophils was less effective when bacterial
aggregates were preformed (Fig. 3A). The net change in bacterial area after neutrophil
incubation for experiments in which neutrophil addition was delayed was a log,,
difference of 0.46 = 0.35 (a net increase in bacteria), whereas it was —0.65 = 0.82 (a net
decrease in bacteria) for experiments with no bacterial head start (P < 0.0001) (Fig. 3B).
There was no significant difference between the neutrophil-to-bacterium ratio when
comparing the head start and no head start data sets (data not shown, P = 0.6487).
Thus, it appears that neutrophils must reach adherent S. aureus on a surface quickly, as
even relatively small neutrophil-sized aggregates are recalcitrant to clearance by neu-
trophils.

Hypoxia reduces neutrophil efficacy against attached S. aureus. Inert biomate-
rial surfaces are not perfused by blood; therefore, oxygen availability may be reduced
at the surface of an implant. Additionally, hypoxia is common in established biofilm
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FIG 4 Oxygen is required for effective motility and clearance of adherent S. aureus. (A) Maximum growth rate of S. aureus was
not different between 20% oxygen and pooled 0% or 2% oxygen conditions; n = 17 fields of view from 8 independent
experiments and n = 12 fields of view from 6 independent experiments for normal oxygen and low oxygen, respectively. (B
and C) Neutrophils traverse less distance and a higher fraction of neutrophils are stationary in the last ~5 min of an experiment
in an environment with reduced oxygen tension; n = 32 from 5 independent experiments and n = 37 from 5 independent
experiments for normal and low oxygen, respectively. (D and E) Net change in S. aureus bacterial area after 4 h under normal
conditions (n = 32 from 8 independent experiments) or low-oxygen conditions (n = 33 from 3 independent experiments at 2%
0, and 3 at 0% O,). Error bars represent standard deviations of the samples. ***, P < 0.001; ****, P < 0.0001 by unpaired t tests.

infections and plausibly arises in the vicinity of a foreign body through the concerted
consumption of oxygen by both leukocytes and bacteria in a diffusion-limited envi-
ronment (37-41). We therefore measured the efficacy of human neutrophils in con-
trolling attached S. aureus under conditions of reduced (2% O,) or no oxygen. Reduced
oxygen tension did not affect the bacterial growth rate (P = 0.11) (Fig. 4A). The specific
growth rate of S. aureus under anaerobic conditions has been reported to be 44% to
45% of the value under aerobic conditions (42, 43). Our reduced-oxygen conditions
were not as a whole fully anoxic. The average neutrophil track length was decreased
under reduced oxygen tension (P < 0.0001) (Fig. 4B). While there was some variability,
on average, it appeared that a higher proportion of PMNs were stationary at the end
of the experiment in the low oxygen (0% and 2%) environment than in the oxic (20%
oxygen) environment, suggesting that the neutrophils are unable to effectively patrol
the surface without sufficient oxygen (Fig. 4C) (P = 0.001). Low oxygen tension
diminished the antibiofilm efficacy of neutrophils (Fig. 4D and E). The difference
between the oxic and grouped low oxygen conditions was statistically significant (P <
0.0001). These data suggest that low oxygen conditions impair neutrophil motility,
reducing the chance of discovering adherent S. aureus on a surface. Additionally, low
oxygen tension may interfere with the oxidative burst produced by neutrophils,
preventing them from effectively clearing S. aureus that is discovered and phagocyto-
sed (44).

Computational simulation of the neutrophil-bacterium surface interaction
demonstrates variable outcomes governed by stochastic discovery of bacteria by
neutrophils. We constructed a mathematical model of the interaction of bacteria and
neutrophils on a two-dimensional surface. The model integrates bacterial growth,
bacterial elaboration and Fickian diffusion of a chemoattractant molecule, neutrophil
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movement by a combination of random motility and chemotaxis, and killing of bacteria
upon discovery by a neutrophil. An illustrative example of a single simulation is
provided in Fig. 5A, with the full video of this simulation available in the supplemental
material (see Video S7). In such simulations, bacteria are stationary, while neutrophils
move and may eventually discover the bacterial colonies. In the example in Fig. 5A, half
of the bacterial colonies initially seeded in the simulation domain (12 total) were
discovered and killed by a neutrophil, and the other half went undiscovered to the end
of the 4-h simulation period. Every simulation is different, because the initial place-
ments of both bacteria and neutrophils are random and also because the movement of
each neutrophil is stochastic. This is illustrated with additional simulations of the case
presented in Fig. 5A, in which 12 bacterial colonies and 8 neutrophils were initially
placed in the simulation field (see Videos S8 and S9). We ran each case 156 times to
illustrate the range of outcomes even when parameter values are fixed. Figure 5B
shows 6 of the 156 outcomes for the case with 12 bacterial colonies initially and 8
neutrophils. In these 156 runs, the maximum number of bacterial colonies that survived
was nine and the minimum was zero, with a mean value of 3.6. Because the undiscovered
colonies continue to grow during the 4-h interval, they collectively contain an average of
40 viable bacteria at the end of the simulation, an increase from the 12 initially present. The
average number of bacteria that survive the interaction with surface-associated neutrophils
is predicted to be a strong linear function of the number of neutrophils present (Fig. 5C),
recapitulating at least qualitatively the result shown in Fig. 2B.

DISCUSSION

How do a few microorganisms contaminating an implanted biomaterial evade host
defenses long enough to establish a mature and protected biofilm? To gain insight into
specific phenomena that may compromise neutrophil clearance of attached bacteria, we
imaged and quantified the interaction of human neutrophils with a nascent S. aureus
biofilm on a surrogate biomaterial surface in vitro. A critical conclusion from these obser-
vations is that neutrophils are able to discover, phagocytose, and destroy surface-adherent
bacteria when the microorganism is present as single cells or very small aggregates and
when a sufficient number of neutrophils are present. This is important because it suggests
that neutrophil-mediated innate immunity has the capacity to eliminate a nascent S. aureus
biofilm. The approximate areal density needed for protective surveillance of the surface in
our experiments was on the order of 10* to 10> neutrophils per cm?. This surface density
of neutrophils must be present at the outset of the contest in order for the leukocytes to
be able to discover and destroy bacteria.

When neutrophil discovery of bacteria was delayed, either because the surface
density of neutrophils was too low or because neutrophils were added after giving the
bacteria a head start, undiscovered bacteria grew and formed aggregates. These
relatively young bacterial biofilm aggregates were much less susceptible to clearance
by neutrophils than were lone bacterial cells. This result suggests that for neutrophils
to prevent biofilm formation, the time for their recruitment to the abiotic surface must
be shorter than the time for the bacteria to form neutrophil-sized aggregates. Thus,
there are two critical time scales that are important to quantify in vivo: the characteristic
time for neutrophil recruitment to a biomaterial surface and the time necessary for
bacteria to form aggregates that are approximately 10 wm in diameter.

The time scale for aggregate formation by S. aureus, at least in the in vitro system
used here, was 3 to 4 h. This corresponds to approximately 4 doubling times at the in
vitro growth rate measured in this work of 0.78 h=". In vivo, this time scale may be
different, likely longer, depending on the in vivo doubling time of the bacteria. There
are very few measurements of staphylococcal growth rate in vivo, especially in a niche
where an implanted device could dwell. Data from Fig. 1B in the article by Dastgheyb
et al. (45) show a growth rate of S. aureus in human synovial fluid of 0.46 = 0.08 h—";
4 doublings at this specific growth rate would take 6 h. In triplicate measurements of
S. aureus growth in our early biofilm system, we found the specific growth rate to be
0.63 = 0.42 h—"in pure bovine serum and 0.56 = 0.09 h—" in pure bovine synovial fluid.
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FIG 5 Mathematical model illustrates stochastic outcomes of neutrophil-S. aureus interactions. (A)
Sample computational result showing neutrophil (larger variously colored circles) initial (with black
outline) and final (no outline) locations and tracks (colors correspond to the individual neutrophil) during
the course of a 4-h simulation. Bacterial colonies (small circles) are shown in green where they have
escaped detection by neutrophils and remain viable or in black where they have been discovered and
killed by a neutrophil. Tick marks are 100 um apart. See full video of the simulation in the supplemental
material (Video S7). (B) Decay of the number of surviving bacterial colonies for 6 of 156 repeated

(Continued on next page)
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The time scale for neutrophil recruitment to an implanted abiotic surface is also
uncertain. Animal studies of neutrophil dynamics at sites of infection indicate that the
time scale for neutrophil recruitment may range from an hour to a day (46-48).

To delve further into the possibility of delayed neutrophil recruitment to an implant
surface, we extracted quantitative estimates of neutrophil recruitment times from
published reports in murine models (see Fig. S7, Table S2, and related methods in the
supplemental material). When a chemical stimulus was used (e.g., macrophage inflam-
matory protein 2 [MIP-2], zymosan, lipopolysaccharide [LPS], and peptidoglycan), the
mean neutrophil recruitment time and standard deviation were 3.6 = 2.6 h. When
staphylococci were inoculated, the recruitment time was 12 = 10.1 h. In two investi-
gations in which an uninoculated implant (titanium or stainless steel) was examined,
the neutrophil recruitment time was 21 h. While these values range widely, they appear
to be consistent with the possibility of delayed recruitment. Clearly, additional research
is needed to better define the characteristic times for both bacterial growth and
neutrophil recruitment to a biomaterial surface in vivo.

This work raises the possibility that, in the earliest stage of biofilm formation, neutrophil
efficacy is limited by the discovery of bacteria rather than by bacterial virulence. The
stochastic nature of this interaction and the survival of occasional undiscovered bacteria are
reinforced by computational modeling. Unlike the scenario of bacteria and neutrophils
interacting in a homogenous well-mixed suspension (15), the interaction on a sparsely
contaminated implant surface is inherently heterogeneous and probabilistically deter-
mined. If neutrophil discovery limits bacterial clearance from the surface of a biomaterial in
vivo, then it might be possible to prevent device-related infections by boosting the
recruitment and activity of neutrophils in a window of time shortly following implantation.
Our in vitro results suggest that for such a strategy to succeed, both a sufficient number of
neutrophils need to be delivered to the surface and their recruitment must be relatively
rapid.

Of the six hypotheses presented above for how bacteria contaminating an abiotic
surface evade neutrophil clearance, the two that are most consistent with our in vitro
results are delayed neutrophil recruitment (hypothesis 1) and hypoxia (hypothesis 6).
Hypotheses 2 to 5 are contradicted by our observation of efficient and consistent
neutrophil surveillance, discovery, phagocytosis, and destruction of attached single
bacteria or very small aggregates.

We hypothesized that delayed recruitment of neutrophils to a biomaterial surface
provides a window of time for contaminating microorganisms to grow and establish a
protected biofilm (hypothesis 1). A biomaterial is compromised in at least two impor-
tant ways that could delay leukocyte recruitment. Biomaterial surfaces are not vascu-
larized: they have no built-in system to rapidly deliver immune cells. In addition, there
may be local disruption of vascularized tissue around the device as a result of the
surgical implantation procedure. To ensure complete surveillance and discovery of all
contaminating microorganisms, neutrophils must migrate from vascularized tissue to
all the surfaces of the biomaterial. A second deficiency of a biomaterial with respect to
neutrophil recruitment is that the material itself is mute in the sense that it cannot
communicate with the host. Unlike vital tissue that can release chemokines in response
to the presence of bacteria and thereby initiate neutrophil recruitment, abiotic implants
lack any signaling capacity. The time required for neutrophils to arrive at a biomaterial

FIG 5 Legend (Continued)

simulations. All simulations used the same initial number of bacterial colonies (12) and same number of
neutrophils (8), but the initial distributions of these two cell types were randomly determined for each
individual repetition. Shown are simulations resulting in the maximum (dark blue) and minimum (red)
number of residual bacterial colonies and four others to illustrate the range of outcomes. (C) Change in
total viable bacterial numbers as a function of the neutrophil/bacterium ratio (mean from 156 repetitions
of each case). Simulations all used the same initial number of bacterial colonies (12) with neutrophil
numbers of 0, 1, 2, 4, 8, 16, and 32 (blue circles). Error bars denote the ranges from maximum to minimum
outcomes with a downward arrow signifying complete elimination of viable bacteria as the minimum.
The dotted line is a least-squares linear regression.
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surface likely depends on the anatomical site of the implant, the proximity of specific
locations on the implant to perfused tissue, and the number of contaminating bacteria.

We also investigated the possibility that local hypoxia in the vicinity of the implant
could diminish neutrophil efficacy (hypothesis 6). The same issues mentioned above—
lack of vasculature on the biomaterial surface and trauma to neighboring tissue during
implantation— could reduce provision of oxygen around a biomaterial. Whereas hyp-
oxia is widely recognized to be likely in an established biofilm infection, data on oxygen
availability in the vicinity of a newly implanted biomaterial are lacking.

Improved understanding of how innate immune cell function at biomaterial surfaces
is compromised and what mechanisms limit leukocyte efficacy on the surface of a
foreign body may someday lead to alternative strategies for preventing device-related
infections (24, 49-59). The work presented here provides insight into the pathogenesis
of foreign body infections and a previously unexplored mechanism of immune evasion.
We have identified that a relatively brief time window, dependent on the in vivo
bacterial growth rate and neutrophil recruitment dynamics, exists, wherein adherent
bacteria are susceptible to effective clearance by neutrophils. This short time period
could possibly explain how small aggregates of contaminating bacteria on an implant
surface are able to develop into biofilm infections that are recalcitrant to immune
clearance and antibiotic therapy.

Areas of opportunity for future work include (i) development and application of animal
models using intravital imaging to observe neutrophil-bacterium interactions with single-
cell resolution, (ii) measurement of the distribution of neutrophil recruitment times to a
bacterially contaminated implant surface in vivo, (jii) measurement of lag times and specific
growth rates of surface-attached microorganisms in vivo, and (iv) elucidation of mecha-
nisms of immune evasion by small (neutrophil-sized) bacterial aggregates.

MATERIALS AND METHODS

Bacterial and neutrophil preparation. S. aureus strain AH2547 (HGO01+pCM29, courtesy of Alex
Horswill), a known biofilm-forming strain with constitutive expression of green fluorescent protein (GFP),
was grown overnight in tryptic soy broth supplemented with 10 ug/ml chloramphenicol (60). Overnight
cultures were centrifuged for 5 min at 4,000 rpm, rinsed, resuspended in phosphate-buffered saline (PBS),
and serially diluted. Cells were attached to a 4-chambered glass bottom petri dish (Cellvis, Mountain
View, CA, USA) to facilitate live-cell imaging. To attach cells, between 25 and 100 ul of the 103 dilution
was added to the surface, and PBS was added to a final volume of 500 wl. After 30 min of incubation at
37°C, unattached bacteria were gently rinsed from the surface with PBS. Each chamber of the petri dish
was filled with 500 wl of 20% fresh human serum in Hanks’ balanced salt solution (HBSS) to simultane-
ously coat the surface with serum and opsonize bacteria, and the dish was incubated at 37°C for 30 min.
Prior to imaging, the serum concentration in each chamber was then diluted to ~10% with additional
HBSS. Human neutrophils (polymorphonuclear leukocytes, or PMNs) were isolated from heparinized
venous blood obtained from healthy donors according to a standard institutional review board (IRB)-
approved protocol, as described previously (61). PMNs were kept on ice until they were stained with
LysoBrite Red (AAT Bioquest, Sunnyvale, CA, USA) according to the manufacturer’s instructions.

Microscopy. A Leica SP5 inverted confocal scanning microscope was utilized for all imaging.
GFP-tagged bacteria and PMNs were excited with the 488-nm and 561-nm laser lines, respectively. A
LiveCell environmental chamber system (Pathology Devices, San Diego, CA, USA) was utilized to maintain
5% CO,, 20% O,, 50% humidity, and 37°C for sample incubation during imaging. Image stacks with 1-um
z-slices were taken sequentially at 1- to 2-min intervals over a 4-h time course using a 20X dry lens
objective. At least two fields of view from each chamber of the dish were imaged per experiment.

Image analysis. MetaMorph (Molecular Devices) image analysis software was used to measure the
change in bacterial biomass by quantifying the thresholded area of bacterial green fluorescence over a
period of 4 h. Maximum growth rates were calculated by linear regression of all data within exponential
phase. Movies were prepared with Imaris version 8.0 (Bitplane). To quantify neutrophil motion, the
“ImarisTrack” module that tracks three-dimensional (3D) objects over time, displays their path, and
analyzes their motion was utilized. Neutrophils were automatically identified as “spots” on the basis of size
and manually edited and confirmed when needed. Motion was tracked using the Brownian motion algorithm.
To quantify the fraction of a field of view “patrolled” by a neutrophil over 4 h, neutrophil tracks determined
by the ImarisTrack module were set to be cylinders 10.87 um in diameter. The image was then imported into
MetaMorph, and the percentage of the field of view covered by a neutrophil track was determined by
thresholding. To determine the average track length for PMNs in a given field of view, the average speed of
each neutrophil in the field of view was determined using the ImarisTrack module. The average speed for all
neutrophils in a field of view was calculated for each frame, and the average track length was subsequently
determined by integrating with respect to time using the trapezoidal method. This method decreased the
bias of neutrophils that may have been in the field of view for only a small number of frames as opposed to
simply using the track length generated by Imaris. The fraction of neutrophils moving in a given field of view
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was calculated by binning neutrophils that were moving greater than 0.01 um/s. An average from the final
three frames of an experiment (~5 to 7 min) was used to compare the numbers of neutrophils moving at the
end of an experiment for the high- versus low-oxygen environment assays.

Bacterium-neutrophil surface dynamics. To assay how PMNs interact with bacteria on a surface, we
varied both the density of attached S. aureus aggregates on the surface and the number of neutrophils
added to the surface (n = 10 independent experiments, with up to 8 fields of view per experiment).
Experimental conditions included wells with S. aureus only, PMNs only, and S. aureus and PMNs at various
multiplicities of infection (MOls).

Head-start experiments. S. aureus cells were attached to the surfaces of separate chambers of the
dish as described above at staggered time points of 3.5, 2.5, or 1.5 h prior to the addition of PMNs. After
0.5 h, unattached S. aureus cells were gently rinsed from the surface, and 10% tryptic soy broth (TSB) was
added to the dish. After 2.5, 1.5, or 0.5 h of incubation, the medium was gently removed with a pipette
and replaced with 20% human serum in HBSS for conditioning and opsonization. Half of an hour later,
the serum concentration was diluted to 10%, PMNs were added, and the dishes were imaged for 4 h.
Results from the head-start experiments (n = 4) were pooled and compared to data obtained during
previous experiments wherein bacteria were not given a head start.

Oxygen limitation experiments. Low-oxygen conditions were attained by adding N, to the
environmental chamber to maintain O, levels of either 0% or 2% (n = 3 experiments each). Results for
both the 0% and 2% conditions were pooled and compared to data obtained during previous standard
experiments (20% O,).

Directionality and mean square displacement analysis. Neutrophil directionality was calculated by
dividing neutrophil track displacement by total track length using tracking data generated using the
ImarisTrack module. Mean square displacement was plotted as a function of time, and an approximately
40-min-long period of linearity in the curve was used to calculate a random motility coefficient based on the
slope of the curve.

Computational modeling of the neutrophil-bacterium surface interaction. Neutrophil-bacterium
interactions were mathematically modeled in a three-dimensional spatial domain lying above a flat plate.
The domain was periodic in the horizontal directions x and y and open above the surface of a plate
(z = 0) in the vertical direction (z = 0). Spatial periodicity was set at 800 um in both the x and y directions.
The simulation time was 240 min in all computations. Model elements consisted of a set of nonmotile,
growing bacterial colonies that emit chemoattractant (at a rate proportional to colony size) which freely
diffuses in the region where z was =0 as well as a set of neutrophils which move on the plate (z = 0) with
a combination of random and directed (via the gradient of the chemoattractant concentration) move-
ment as in a Keller-Segel type model (62). When a neutrophil encountered a bacterial colony, the colony
was eliminated and ceased to emit chemoattractant.

In each simulation, 12 bacterial colonies, each with an initial population of 1, were randomly seeded
with uniform probability on the 800-um? plate. Coordinates (xj = [xj, Y 0],j = 1 to 12) designated colony
locations for any given simulation. Note that due to horizontal periodicity, there was effectively an
infinite tiling of the plane at a z of 0 with “image” colonies at locations (xj, Y 0) + (800k, 800/, 0), j =1
to 12, where k and / are arbitrary integers. Prior to an encounter with a neutrophil, any given colony grew
at specific rate r such that colony j had population ¢(t) = e".

Each colony, including the images, emitted chemoattractant at rate ch(t), until it had an encounter
with a neutrophil at, for example, t = T;, at which time it ceased to emit chemoattractant and ¢(t) was
0 for t of =T,. The chemoattractant concentration, denoted by u(x, t) = u(x, y, z, 1), satisfies the following
diffusion (with sources) equation:

12
U= D\V2u + 2B, 2, ¢(0d{x — [x; + (800k, 8001 0)]},

j=1klez

where § is the Dirac delta function, with initial and boundary conditions

12
u(x, 0) = 282 >, ¢()d{x — [x; + (800k, 8001, 0)]}, %(x, 7,0,1) = 0.
i=1 klez
In fact, this system can be solved analytically for u(x, t) (see supplemental material).
In addition, a number N (with N = 1, 2, 4, 8, 16, or 32) neutrophils are also (initially) randomly seeded
with uniform probability on the plate at locations X% (t = 0) =Xg),j =1 to N. Neutrophil locations X? (t)
are modeled by stochastic differential equations

i V, . . .
dX(])(t) = VH(KM%TXVEOdt + VTDde(J)(t),XSJ)(O) — XSJ))
where W'(t) is a standard 2-dimensional Wiener process (63), and #(x,y) = u(x,,0) is the restriction of the
analytical solution to the chemoattractant equations to the z of 0 plane. Solutions were approximated
numerically using the Euler-Maruyama scheme (63). We assumed that there is a maximum speed V, ., at
which a neutrophil can move in response to the chemoattractant, imposed using a Monod-type function
in the drift coefficient with half-saturation K. Note, again, that as a consequence of periodicity, there are
effectively a doubly periodically infinite set of neutrophils. For computational purposes, we only needed
to track one set: each time a neutrophil crossed the boundary of the model 800-um? plate, it effectively
re-entered across the corresponding periodic boundary. Simulation parameters and sources were as
follows: D, = 0.036 mm?2 min~' (comparison to raffinose, molecular weight [MW] 504 g/mole [64]); D, =
0.00016 mm?2 min~' (see Table S1 in the supplemental material); K,, = 1,000 concentration mm~"'
(assumed); V..., = 0.012 mm min~" (see Fig. S2); B = 0.01 concentration min~" per bacteria (assumed);

max
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r=0.01 min~—" (see “Neutrophils migrate on an abiotic surface and discover, phagocytose, and destroy
single attached bacteria or very small bacterial aggregates” above).

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/1Al
.00745-19.
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