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Cryptococcus neoformans (Cn) is a common facultative intra-
cellular pathogen that can cause life-threatening fungal menin-
gitis in immunocompromised individuals. Shortly after infec-
tion, Cn is detectable as both extra- and intracellular yeast
particles, with Cu being capable of establishing long-lasting latent
infections within host macrophages. Although recent studies have
shown that shed capsular polysaccharides and intact extracellular
Cn can compromise macrophage function through modulation of
NF-«B signaling, it is currently unclear whether intracellular Cn
also affects NF-kB signaling. Utilizing live cell imaging and compu-
tational modeling, we find that extra- and intracellular Cx support
distinct modes of NF-kB signaling in cultured murine macro-
phages. Specifically, in RAW 264.7 murine macrophages treated
with extracellular glucuronoxylomannan (GXM), the major Cn
capsular polysaccharide, LPS-induced nuclear translocation of p65
is inhibited, whereas in cells with intracellular Crn, LPS-induced
nuclear translocation of p65 is both amplified and sustained. Math-
ematical simulations and quantification of nascent protein expres-
sion indicate that this is a possible consequence of Cu-induced
“translational interference,” impeding IkBa resynthesis. We also
show that long term Cr infection induces stable nuclear localiza-
tion of p65 and IkBa proteins in the absence of additional pro-
inflammatory stimuli. In this case, nuclear localization of p65 is not
accompanied by TNFa or inducible NOS (iNOS) expression. These
results demonstrate that capsular polysaccharides and intact intra-
cellular yeast manipulate NF-«B via multiple distinct mechanisms
and provide new insights into how C# might modulate cellular sig-
naling at different stages of an infection.

Cryptococcus neoformans (Cn)? is a spore-forming, intracel-
lular pathogenic yeast found in soil and other niches worldwide
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(1). Inhalation of spores is thus extremely common, allowing
Cn to infect ~70% of children in urban environments (2). In
most cases Cn infections do not present immediate clinical
symptoms; rather, Cn is able to enter a chronic latent state that
may last for many years by residing within host macrophages.
However, in immune compromised individuals, an acute Cn
infection or re-emergence of an existing infection can result in
life-threatening conditions such as pneumonia or fungal men-
ingitis. A recent estimate suggests these and other Cn-related
illnesses cause ~600,000 deaths per year (3).

A key regulator of this host-pathogen interaction is the Cn
polysaccharide capsule. The capsule, primarily composed of
glucuronoxylomannan (GXM, ~80% by mass (4)), is produced
and shed during growth and is essential for virulence (5, 6). It
promotes Cn survival during the initial stage of infection by
acting as an anti-phagocytic coating, thereby preventing inges-
tion of yeast in a naive host during the short-lived acute stage of
infection (~7 days after exposure (7)). An escalating humoral
response then leads to the phagocytosis of Cn. Unfortunately,
the macrophage phagolysosome is a surprisingly permissive
environment for Cn growth (8), making Cn a facultative intra-
cellular pathogen (reviewed in Ref. 9). Intracellular Cx continue
to produce and shed GXM, resulting in the accumulation of
polysaccharide-filled vesicles within the host cell cytosol (8).
Although the effects of intracellular GXM are unclear, extracel-
lular GXM is known to disrupt macrophage behaviors and limit
inflammation (10, 11). These effects can be explained, at least in
part, by the ability of GXM to subvert the activity of the NF-«B
signaling pathway (reviewed in Ref. 12).

NE-«B is a family of dimeric transcription factors that regu-
late the inflammatory response (reviewed in Ref. 13) and
includes the ubiquitously expressed p65-p50 heterodimer. The
activity of p65-containing dimers is controlled by cytoplasmic
sequestration through association with I«B proteins, primarily
IkBa (14). NF-«B activity in macrophages can be triggered by a
range of different stimuli, including LPS from Gram-negative
bacteria. LPS is detected by Toll-like receptor-4 (TLR4) at the
macrophage cell surface, stimulating a cascade of intracellular
signaling events that culminate in the phosphorylation of
NEF-kB-IkB complexes by IkB kinase (IKK). This leads to the
proteasomal degradation of IkB proteins and subsequent
nuclear accumulation of p65-containing transcription factors

TLR, Toll-like receptor; TRIF, TIR domain-containing adapter-inducing
interferon-g3; TIR, Toll-interleukin receptor; OPP, O-propargyl-puromycin;
nuc:cyto, nuclear:cytoplasmic; ANOVA, analysis of variance.
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(15, 16). Within the nucleus, these p65-containing transcrip-
tion factors regulate the expression of genes associated with the
immune response, including pro-inflammatory cytokines like
TNEF-a (17-19) and inducible nitric oxide synthase (iNOS) (20,
21), the latter of which is associated with M1 or “classical” acti-
vation of macrophages. Crucially, p65 also stimulates resynthe-
sis of IkBa. This action constitutes a delayed autoregulatory
loop that promotes relocalization of NF-«B dimers to the cyto-
sol and eventually restores the pathway to an inactive state once
stimuli are withdrawn (22, 23). The behaviors produced by this
and the various other feedback loops that regulate NF-«B activ-
ity in macrophages are highly non-linear and show substantial
cell-to-cell variation (24). This has led to increased utilization of
complementary computational modeling and live cell imaging
to study NF-«B signaling dynamics (23-26).

Previous investigations into the effects of GXM on inflam-
matory NF-«kB signaling, which have predominantly utilized
extracellular Cn or purified GXM, have produced conflicting
results. Through interaction with exogenous TLR4 receptors in
CHO cells, GXM was able to promote NF-«B nuclear localiza-
tion and chromatin binding (27). Meanwhile, others have
shown that GXM can block TLR4-induced inflammation in a
LPS-induced mouse model of endotoxic shock. When studied
further in cultured murine macrophages, GXM was shown to
interact with surface FcyRIIb receptors, blocking LPS-induced
Akt and IKK activity via SHIP, thereby abrogating NF-«B
induction and downstream inflammation (11). No studies to
date have addressed the effects of phagosomal Cn or intracel-
lular GXM on NF-«B signaling. This constitutes a significant
gap in our understanding of the Cn-macrophage relationship,
and Cu-associated disease as Cn is predominantly intracellular
during chronic infection.

In this current study, we present detailed single-cell analysis
of NF-kB signaling dynamics in cultured macrophages and
show that purified extracellular GXM and intracellular GXM-
positive Cn have contrasting effects on the behavior of the path-
way in the context of LPS-induced activation. Our results show
that GXM pretreatment inhibits the nuclear accumulation of
p65 proteins in response to LPS. We also show for the first time
that GXM-producing phagosomal Cn modulate host NF-«B
signaling in a manner that differs from that of extracellular
GXM. Specifically, the duration of LPS-induced p65 nuclear
accumulation is significantly increased in macrophages con-
taining relatively low numbers of ingested GXM-expressing Cn
but not GXM-null Cn. A combination of computational mod-
eling and experimental methods indicated that this extended
response was caused by translational interference in cells
infected with GXM-expressing Cn, which acts to decrease the
strength of negative feedback. We also found that extended
intracellular occupancy of Cu in the absence of LPS pro-
motes the accumulation of both p65 and IkBa in the nucleus,
leading to the repression of the NF-«B-regulated target
genes TNFa and iNOS. These results suggest that Cn may
employ distinct mechanisms of NF-«kB modulation at differ-
ent stages of an infection to promote its own survival within
the host.
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Results

GXM Attenuates LPS-induced Nuclear Translocation of
NF-kB—The anti-inflammatory capacity of Cn capsular poly-
saccharide was first illustrated by its ability to block LPS-in-
duced TNFa production by monocyte-derived macrophages
(10). Subsequent studies showed that GXM activates SHIP
via surface FcyRIIb receptors. Active SHIP then blocks the
recruitment of MyD88 (myeloid differentiation primary
response gene 88) and Akt, therebyimpeding IkBa phosphor-
ylation and degradation (11, 12). These data imply that GXM
would block LPS-induced nuclear accumulation of p65-con-
taining NF-kB dimers, thereby preventing the NF-«kB-depen-
dent production of pro-inflammatory cytokines. To investi-
gate this in detail, we employed a previously described
murine macrophage NF-kB reporter cell line comprising
RAW 264.7 cells stably expressing p65-EGFP from the RelA
(p65) promoter and a destabilized mCherry reporter of
TNFa gene transactivation (NF-«B reporter cells) (24). These
cells were cultured in the presence or absence of disease-rele-
vant concentrations of GXM, and the temporal dynamics of
p65 nuclear translocation were determined by live cell fluores-
cence imaging (Fig. 1, A-D).

We observed that GXM significantly attenuated LPS-in-
duced nuclear accumulation of p65-EGFP and caused it to
occur slightly later than in control cells without affecting the
overall duration of the response (Fig. 1E). However, treat-
ment with GXM alone had no effect on p65 localization (Fig.
1D). To test whether these data were consistent with GXM
blocking MyD88-dependent IkBa phosphorylation and deg-
radation via SHIP activation, we utilized a mathematical
model of LPS-induced NF-«B signaling developed by Sung et
al. (24) from the original Hoffmann NF-«B model (36). We
found that modest reductions (25%) in the magnitude of the
initial wave of MyD88-dependent IKK activity, parameter 19
(P19) in the model, recapitulated the decreased amplitude
and delay in nuclear p65 accumulation observed in our
experiments.

Development of a Strategy to Infect Macrophages with C. neo-
formans without Perturbing NF-«B Signaling—Having verified
that GXM pretreatment can attenuate LPS-induced nuclear
translocation of p65 in macrophages, we then hypothesized
that GXM produced by phagocytosed, intracellular Cn may
have a similar effect. To test this, we developed a methodology
toinfect macrophages with Cnwithout compromising measure-
ments of NF-«B activity.

Typically, the phagocytosis of encapsulated Cn by macro-
phages in vitro is inefficient unless (i) the macrophages are
“activated” and (ii) Cn have been opsonized. Treatments that
induce macrophage activation (typically co-treatment with LPS
and IFN-v) can confound studies involving NF-«kB because they
will also induce significant NF-«kB activity (Fig. 24). To circum-
vent this problem, we transiently stimulated the reporter cells
with IFN-+y alone (16 h; Fig. 2B), which enhances activation and
Cn clearance in vivo (37) without inducing NF-«B in macro-
phages (38). This was confirmed by live imaging of NF-«B
reporter cells exposed to 500 units/ml IFN-vy (Fig. 24). As
expected, complement, which is commonly used to opsonize
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FIGURE 1. Exposure to GXM inhibits LPS-induced nuclear accumulation of p65. A, fluorescence microscopy images of p65-EGFP (green) localization in RAW
264.7 NF-kB reporter cells exposed to 100 ng/ml LPS with and without a 1-h pretreatment with 200 wg/ml GXM. The scale bar represents 20 um. B-D, single cell
trajectories of the nuc:cyto ratio of p65-EGFP fluorescence after LPS stimulation without (B) and with (C) GXM pretreatment for four representative cells and (D)
the population average for GXM, LPS, and GXM + LPS cells. E, quantification of the average maximum amplitude, time to achieve maximum amplitude, and
response duration. Error is represented as the S.E. Statistical significance is indicated as follows: *, p < 0.05; **, p < 0.01; and ***, p < 0.001. The data from >100
cells were collected per condition across three independent biological repeats. F, a diagram linking model parameters to biological events. G, P19, the
parameter describing the magnitude of MyD88-dependent IKK activity, was decreased to 0.75 and 0.50 of the nominal value, and the model was simulated in
MATLAB as described under “Numerical Experiments.” The predicted ratio in the concentration of nuclear to cytoplasmic p65 was plotted as a function of time
after LPS stimulation.
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FIGURE 2. Effect of macrophage-activating stimuli and Cn opsonins on p65-EGFP localization in RAW 264.7 cells. A, RAW 264.7 NF-«B reporter cells were
treated as indicated and imaged by live cell microscopy for periods of up to 5 h. Conditions that induced p65-EGFP nuclear localization (nuc:cyto p65-EGFP =
1) in cells were classified as “activating.” Conditions that caused no apparent accumulation of p65-EGFP were classified as “not activating.” B, schematic of the
Cn-macrophage infection protocol. Timeline for the preparation of Cn-infected RAW 264.7 NF-«B reporter cells for live cell imaging.

Cn, was found to induce NF-«B activity in our reporter cell line.
We therefore used 18B7 mouse monoclonal antibodies to cap-
sular GXM (39) as our opsonization agent because they do not
induce NF-«B signaling (Fig. 24).

Intracellular C. neoformans Delays and Extends LPS-induced
NF-kB Signaling—Because chronic Cn infection primarily
involves intracellular Cn, we investigated whether Cn can mod-
ulate the NF-«B pathway after phagocytosis by infecting
macrophages with a virulent strain of Cn (H99S) that produces
significant quantities of GXM (28).

The phagocytosis of individual Cn by our macrophage
reporter cell line did not elicit an immediate NF-kB response
(data not shown). However, we found that phagosomal Cn
altered the temporal dynamics of LPS-induced NF-«B signaling
(Fig. 3, A-C). Notably, intracellular Cx appeared to alter NF-«B
signaling in a manner that differed from that of purified, extra-
cellular GXM. Although pretreatment with purified GXM
resulted in a ~2-fold decrease in the amplitude of the LPS-
induced p65 response (as defined by the maximal nuc:cyto p65
ratio), cells containing intracellular Cz showed a slight but sig-
nificant increase in amplitude (Fig. 3C). This was accompanied
by a pronounced delay in the time taken to achieve maximal
nuclear p65-EGFP levels (Fig. 3C), which also increased with Cn
burden (the number of intracellular Cn per macrophage). Fur-
thermore, and in contrast with GXM-dependent effects, the
duration of LPS-induced p65 nuclear occupancy was substan-
tially extended in macrophages containing intracellular Cn
compared with controls (Fig. 3C). Similar results were obtained
in macrophages infected with 24067, a serotype D strain of
GXM-expressing Cn (Fig. 3D), with infected cells also exhibit-
ing a delayed and extended NF-«B response to LPS stimulation.

To test whether these effects were GXM-dependent, we
infected macrophages with Cap59, a serotype A mutant Cn
strain that has a defect in capsule synthesis and does not pro-
duce capsular GXM (40), and then treated with LPS. In this case
no differences were seen in the amplitude, timing, or duration
of p65-EGFP nuclear localization (Fig. 3E), suggesting that the
ability of intracellular Cn to modulate LPS-induced NF-«B sig-
naling is GXM-dependent.
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Intracellular C. neoformans-induced Changes in Macro-
phage NF-kB Dynamics Can Be Simulated in a Mathematical
Model of Macrophage LPS-NF-kB Signaling—To investigate
the possible causes of intracellular Cn-induced changes in the
dynamics of the NF-«B response to LPS, we again utilized our
NF-kB mathematical model modified from that of Sung et al.
(24). This enabled us to simulate possible known and suspected
effects of intracellular Cn proliferation (Fig. 44), including (i)
translational interference (P9); (ii) inhibition of the rate of IxkB
nuclear import or export of p65-1kB complexes (P14 and P12,
respectively); and (iii) an increase in TIR domain-containing
adapter-inducing interferon-B (TRIF)-dependent IKK activa-
tion at Crn-containing phagosomes (P20). Regarding mecha-
nism (i) above, live (but not heat-killed) intracellular Cn has
been shown to alter protein translation rate in both murine
peritoneal macrophages and ]774.16 macrophage-like cells
(33). We hypothesized that this could prolong the length of
time that NF-«B spends in the nucleus by reducing the rate of
IkBa synthesis. Regarding mechanism (ii) above, we hypothe-
sized that the large Cn-containing phagosome, which tends to
be positioned at the nuclear periphery, and Cn-induced organ-
elle crowding around the nucleus (41, 42) could potentially
reduce the rate of p65 and IkBe trafficking across the nuclear
membrane, as suggested by spatial models of NF-«B signaling
(43), thereby altering the temporal dynamics of NF-«B signal-
ing. Regarding mechanism (iii) above, although GXM has been
shown to reduce MyD88-induced IkBa phosphorylation at the
cell surface (11), there is a potential for TLR4 to signal through
TRIF from the Cn-containing phagosomes, possibly enhancing
the NF-«B response to LPS (44).

We evaluated these mechanisms by performing numerical
experiments in which the associated parameters were varied
individually (Fig. 4, B—E). Our results support the hypotheses
that a reduction in the rate of IkBa synthesis (P9), possibly
caused by translational interference, or an increase in the
strength of TRIF-dependent IKK activation could explain the
sustained nuclear localization of NF-«kB that we have observed
in Cn-infected cells after LPS stimulation (Fig. 4, B and C). Spe-
cifically, both a 50% reduction in the rate of IkBa synthesis and
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FIGURE 3. Macrophages containing intracellular Cn exhibit a delayed and sustained NF-«B response to LPS stimulation. A, fluorescence microscopy
images of p65-EGFP (green) localization in RAW 264.7 NF-«B reporter cells exposed to 100 ng/ml LPS 2 h after infection with Cn. The scale bar represents 20 um.
Intracellular Cn are indicated with arrows. B, single cell trajectories of the nuc:cyto ratio of p65-EGFP fluorescence after LPS stimulation for cells that do not (Ctr/)
and do contain >3 intracellular H99S Cn (3+ H99S) for four representative cells. C-E, the population average trajectory of the nuc:cyto ratio of p65-EGFP
fluorescence after LPS stimulation for cells that do not (Ctrl) and do contain intracellular Cn with quantification of the average maximum amplitude, time to
achieve maximum amplitude, and response duration for H99S (C), 24067 (D), and Cap59 (E)-infected macrophages. Error is represented as the S.E. Statistical
significance is indicated as follows: *, p < 0.05; **, p < 0.01; and ***, p < 0.001 (ANOVA, p < 0.05). Data from >35 cells were collected per condition across a
minimum of six independent biological repeats.

a 50% increase in the strength of TRIF-dependent IKK activa-
tion were able to extend the duration of NF-kB in the nucleus

the dynamics of p65 nuclear localization in response to LPS
(Fig. 4, C and D).

while modestly increasing and delaying the peak response (Fig.
4, B and E). In both cases, the sustained nuclear localization of
p65 may be accomplished through the merging of the early
MyD88- and late TRIF-dependent responses. On the other
hand, 50% reductions in the rate of nuclear import of IkB or that
of the export of the IkB-p65 complex did not significantly alter
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Partial Inhibition of Macrophage Protein Translation Caused
by Intracellular C. neoformans or Cycloheximide Can Increase
the Duration of the p65 Nuclear Occupancy after LPS
Stimulation—To investigate the possibility that translational
interference was responsible for the change in the dynamics of
LPS-induced p65-EGFP nuclear translocation, we first tested
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FIGURE 4. Numerical experiments using the model of Sung et al. (24) to
evaluate potential mechanisms through which intracellular Cn modulates
NF-kB signaling. A, diagram linking model parameters to biological events. B-E,
select model parameters were varied about a nominal value as indicate in the
figure legends and the model was simulated in MATLAB as described under
“Numerical Experiments.” The predicted ratio in the concentration of nuclear to
cytoplasmic p65 was plotted as a function of time after LPS stimulation.

whether partial inhibition of protein translation using the ribo-
some inhibitor, cycloheximide (CHX), could recapitulate the
extended response observed in Cn-containing cells. We
observed that although complete inhibition of protein synthesis
in RAW 264.7 cells with high doses of CHX (10 um) caused
stable nuclear localization of p65-EGFP, partial inhibition
achieved using lower doses (1 um) produced an extended
response similar to that observed in cells infected with GXM-
positive Cn (Fig. 5A).

Having established that partially blocking translation could
produce an extended NF-«B response to LPS, we measured
changes in nascent protein synthesis in RAW 264.7 cells
infected with GXM-positive H99S and GXM-negative Cap59
Cnyeast. We found that live but not heat-killed H99S Cn infection
caused a statistically significant decrease in nascent protein pro-
duction in two of three experiments, as measured using Click-iT
O-propargyl-puromycin (OPP) staining (Fig. 5, B and C), and the
magnitude of this effect increased with intracellular Cn burden.
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Because statistically significant decreases in translation were also
obtained using ribopuromycylation assays (Fig. 5D), this suggests
that Cn somehow interferes with translation. However, infection
with Cap59 had no significant effect on OPP staining, indicating
that this GXM-negative strain was not capable of causing transla-
tional interference (Fig. 5E), suggesting that translational interfer-
ence is GXM-dependent and possibly explaining the inability of
intracellular Cap59 to alter the dynamics of LPS-induced NF-«B
signaling in macrophages (Fig. 3E).

Proliferation of Intracellular C. neoformans Alone Can Pro-
mote Nuclear Accumulation of p65-containing Dimers—During
our initial experiments where we investigated altered TLR4 signal-
ing in Cn-infected cells, we noticed that a small number of macro-
phages containing Cn were found to exhibit nuclear p65-EGFP
(nuc:cyto > 1) within 2 h of initial exposure to Cn, prior to LPS
addition. This effect was not seen in surrounding uninfected cells.
Therefore, these cells were classified as showing CIN-p65 (Cn-
induced nuclear accumulation of p65). The proportion of cells
showing CIN-p65 increased over time and cells with more intra-
cellular Cn were more likely to exhibit nuclear p65.

To further investigate the effects of proliferating phagosomal
Cn alone on NF-kB, we infected macrophages with opsonized
Cn, allowed 2 h for phagocytosis of Cn, washed off extracellu-
lar Cn (and polysaccharide-containing media), and imaged
macrophages containing phagosomal Cn for an additional 24 h.

Consistent with our previous results, we found that phago-
somal proliferation of Cn alone sometimes promoted nuclear
accumulation of p65-EGEFP (seen in 2.8% of Cn-containing cells
at2 h and 6.8% of Cn-containing cells at 24 h after Cn exposure,
with cells containing an average of 2.7 and 5.6 Cn, respectively).
Unlike the transient nuclear localization produced by LPS,
which occurs rapidly and is followed by the swift return of
p65-containing dimers to the cytosol, Cn-induced nuclear
accumulation of p65-EGFP occurred gradually and produced
long-lasting nuclear localization (Fig. 6, A and B). This slow
accumulation of p65-containing dimers within the nucleus
appeared to be influenced by macrophage intracellular Cn
“burden,” which gradually increased over time as phagocytosed
Cn began to proliferate within individual macrophages (Fig.
6B). Unexpectedly, the nuclear accumulation of p65-EGFP was
not accompanied by mCherry expression from the Tuf pro-
moter, despite abundant nuclear p65 (Fig. 6, A and C). This
effect was observed in multiple cells (Fig. 6, D-G).

Phagosomal C. neoformans Suppresses TNFa and iNOS Pro-
duction in Cells Exhibiting Nuclear p65-EGFP—Because Cn-
induced nuclear p65 accumulation was not accompanied by
NE-kB-regulated gene expression, we speculated that intracel-
lular Cn may also render these cells incapable of responding to
additional NF-kB-activating stimuli. To test this, we exposed
non-infected and CIN-p65 cells to 100 ng/ml LPS and mea-
sured both mCherry levels (reporting TNFa gene transactiva-
tion), nuc:cyto p65-EGFP, and total p65-EGEFP levels, because
the RELA promoter is also positively regulated by NF-«B at high
LPS doses (24).

Our data indicate CIN-p65 macrophages were largely refrac-
tory to exogenous NF-«B-activating stimuli, because LPS treat-
ment failed to promote either the return of p65-EGFP to the
cytosol or expression of TNF« (Fig. 7A). Although neighboring
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FIGURE 5. Live GXM-positive Cn causes translational interference in RAW 264.7 macrophages. A, quantification of the nuclear:cytoplasmic ratio of
p65-EGFP fluorescence in LPS-treated live RAW 264.7 NF-«B-reporter cells pretreated with vehicle (Ctrl) or the indicated doses of CHX. Data from >40 cells were
collected per condition across a minimum of two independent biological repeats. B, fluorescence microscopy images of RAW 264.7 cells treated with 100 um
CHX orinfected with live or heat-killed H99S Cn. Nascent protein synthesis was detected by staining with OPP-647 (red in merge) and genomic DNA was stained
using NuclearMask Blue (blue in merge). Arrows indicate Cn-infected macrophages. C, quantification of OPP-647 staining in non-infected RAW 264.7 cells (No
Cn) and cellsinfected with live (Live; also separated in to low (1-2 Cn; LB) and high burden (3+ Cn; HB) infected cells) or heat-killed (HK) H99S Cn. D, quantification
of ribopuromycylation (RPM) staining of H99S-infected RAW264.7 cells. E, OPP-647 staining was quantified as described in Band C for Cap59 infected RAW 264.7
cells. Error is represented as the S.E. Statistical significance is indicated as follows: ¥, p < 0.05; **, p < 0.01; and ***, p < 0.001 (ANOVA, p < 0.05). Data from >40
cells were collected per condition across a minimum of three independent biological repeats. The scale bar represents 20 um.

non-infected macrophages exhibited a “normal” NF-kB Because mCherry expression is regulated by an exogenous
response to LPS (i.e. arapid but transient nuclear accumulation  copy of the Tnf promoter and may not accurately reflect the
of p65-EGEFP), LPS seemingly had little to no effect on p65- regulation of endogenous NF-«B target genes, we also immu-
EGFP distribution in CIN-p65 macrophages (Fig. 7, A and B). nostained control and CIN-p65 NF-«B reporter cells for iNOS,
Additionally, and in stark contrast to non-infected control cells, a bona fide NF-«kB target gene and marker of M1 activation in
the NF-kB-dependent transcriptional output in CIN-p65 macrophages. As expected, LPS stimulation of uninfected
macrophages was seemingly negligible with no significant ~macrophagesinduced a smallincrease in iNOS protein levels at
increase observed in either total p65-EGFP or mCherrylevelsas 5 h and high levels of expression by 15 h. However, in Cn-
measured at the population level (Fig. 7, C and D). containing macrophages, iNOS was found to be consistently at
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FIGURE 6. High intracellular Cn burden stimulates nuclear accumulation of p65 without gene expression. A, fluorescence microscopy images of p65-
EGFP (green) localization and destabilized mCherry (red) expression in RAW 264.7 NF-«B reporter cells after phagocytosis of opsonized H99S Cn. The scale bar
represents 20 um. Intracellular Cn are indicated with arrows. B and C, quantification of the nuc:cyto ratio of p65-EGFP fluorescence (B) and mCherry fluores-
cence (C) for the cell depicted in A. The approximate number of intracellular Cn is represented by the dotted line. D-G, representative single cell trajectories of
the nuc:cyto ratio of p65-EGFP fluorescence and mCherry fluorescence for three representative cells.

basal levels 24 h after infection despite stable nuclear localiza-
tion of p65 (Fig. 7E). Taken together, these data indicated that
CIN-p65 was either transcriptionally incompetent or was capa-
ble of repressing NF-«B target genes.

Stable Nuclear Localization of p65 in C. neoformans-containing
Macrophages Is Caused by Altered Trafficking of IkBa—To inves-
tigate how intracellular C accumulation may cause stable nuclear
localization of p65, we again turned to the mathematical model.
We simulated the effect of varying parameters (Fig. 44) in the
absence of LPS (Fig. 8, A—C). As before, we noticed that a sustained
decrease in the rate of IkBa synthesis (P9; Fig. 84), as might be
caused by translational interference, could promote stable nuclear
localization of p65. However, the model also suggested that a
decrease in the rate of nuclear export of NF-«B-IkBa complexes
could have a similar effect (Fig. 8B). Changes to other model
parameters, such as the rate of IkBa nuclear import (P12; Fig. 8C),
did not cause stable nuclear localization of NF-«B.
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To discriminate between the two possibilities that stable
nuclear p65 was caused by inhibition of either (i) IkBa synthesis
or (ii) nuclear export of NF-kB-IkBa complexes, we measured
IkBa levels in CIN-p65 cells. We found that all CIN-p65 cells
exhibited high levels of nuclear IkBa staining (Fig. 8D), which
was consistent with our second hypothesis. Furthermore,
because interaction between IkBa and p65 in the nucleus pre-
vents effective chromatin binding (45—48), these data are also
consistent with the absence of TNFa and iNOS expression in
these cells.

Discussion

The nature of host-pathogen interactions are typically highly
dynamic, a metaphorical arms race of move and countermove in
which the host and pathogen employ a changing repertoire of
strategies to destroy or evade the other. As a key regulator of
immune cell function and survival, it is perhaps unsurprising that
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FIGURE 7. High intracellular Cn burden alters the NF-«B response to LPS. A, fluorescence microscopy images of p65-EGFP (green) localization and desta-
bilized mCherry (red) expression in RAW 264.7 NF-kB reporter cells. Cells with Cn (H99S)-induced nuclear p65-EGFP and control cells were imaged for 2 h prior
to treatment with 100 ng/ml LPS (T = 0 min). Intracellular Cn are indicated with arrows. B, single cell trajectories of the nuc:cyto ratio of p65-EGFP fluorescence
before and after LPS stimulation for representative cells with (Cn +ve) and without (Cn —ve) intracellular Cn as indicated in A. Cand D, change in total p65-EGFP
(€) and mCherry fluorescence (D) after LPS stimulation for cells exhibiting Cn-induced nuclear p65 (Cn +ve) and control cells that do not contain Cn (Cn —ve).
Error is represented as the S.E. Statistical significance is indicated as follows: *, p < 0.05; **, p < 0.01; and ***, p < 0.001. Data from >8 Cn-infected cells
(containing an average of 4.5 * 2.8 Cn) were collected across five independent biological repeats. £, RAW 264.7 NF-«B reporter cells were fixed at the indicated
times after stimulation with 100 ng/ml LPS or after infection with H99S and stained with Hoechst 33342 (blue) and immunostained with anti-iNOS antibodies
(red). Fluorescence from p65-EGFP is represented in green. The large white circle demarcates a representative Cn-infected macrophage, and the smaller white
circle indicates the nucleus of this cell. This result was consistent across all Cn-infected cells (12 cells) from four independent biological repeats. These cells
contained an average of 4.3 = 1.6 Cn. The scale bars represent 20 um.

the NF-kB pathway is a frequent target of human pathogens.
Although Yersinia inhibits NF-«B in naive macrophages (49), trig-
gering their apoptosis, the intracellular pathogens Mycobacterium
tuberculosis and Shigella both exploit pro-survival activities of the
NEF-«B pathway during the intracellular phase of infection, buying
time to replicate before either actively triggering host cell apopto-
sis or permitting cell death to escape and disseminate (reviewed in
Ref. 50).

Over the past 15 years, a number of studies utilizing both
purified capsular components and intact yeast have shown that

15622 JOURNAL OF BIOLOGICAL CHEMISTRY

Cn may also subvert immune cell NF-«B signaling during acute,
extracellular infections (10, 11, 27, 51). Perhaps because of dif-
ferences in experimental design, there is still disagreement
within the field, on the precise mechanism(s) and consequences
of NF-kB modulation.

Because Gram-negative bacteremia can occur in small num-
bers of Cn infections (52) and GXM has been shown to block
LPS-induced inflammation (11), we utilized a simple cell cul-
ture model to study Cn-dependent NF-«kB modulation in the
context of LPS activation. We assumed that during extracellu-
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FIGURE 8. Numerical experiments using the model of Sung et al. (24) to evaluate potential mechanisms through which intracellular Cn can induce
stable nuclear localization of p65. A-C, select model parameters were varied about a nominal value as indicate in the figure legends, and the model was
simulated in MATLAB as described under “Numerical Experiments.” The predicted ratio in the concentration of nuclear to cytoplasmic p65 was plotted as a
function of time in the absence of LPS stimulation. D, RAW 264.7 NF-kB reporter cells were fixed 24 h after infection with H99S and stained with Hoechst 33342
(blue) and immunostained with anti-lkBa antibodies (red). Fluorescence from p65-EGFP is represented in green. The arrow indicates the nucleus of a repre-
sentative Cn-infected macrophage. This result was consistent across all Cn-infected cells (11 cells) from six independent biological repeats. These cells

contained an average of 6.0 * 2.2 Cn. The scale bars represent 20 um.

lar infections, macrophages would be more likely to encounter
free GXM than intact Cn. This would seem plausible because
GXM is shed by proliferating yeast in vivo, accumulates in the
serum and tissue of infected individuals to ug/ml levels, and
remains for weeks or months before it is cleared (53). Our data
suggest that GXM attenuates LPS-induced NF-«B activation by
inhibiting the accumulation of p65-containing dimers in the
nucleus. This is consistent with reports indicating GXM sup-
presses phosphorylation and degradation of IkB by promoting
SHIP activity (11).

Although the chronic, intracellular phase of Cn infection
may last for years or even decades, it has remained unclear
whether phagosomal Cn continue to modulate NF-«kB signal-
ing. This important question has remained open because of
numerous technical challenges. Of these, perhaps the most fun-
damental is the low rate at which Cn phagocytosis occurs in
vitro unless macrophages are first activated by pro-inflamma-
tory stimuli (typically IFN-vy in combination with LPS or
TNFa), which could mask the effects of ingested Cn on NF-«B
signaling or at least make it extremely difficult to measure using
standard biochemical techniques and end point assays.

In this current study, by utilizing a live cell imaging approach,
we identified and tracked those cells within an “unactivated”
macrophage population that had ingested Cn to measure the
dynamics of canonical NF-«B signaling and downstream gene
expression. In contrast to the effects of purified GXM, we saw
that infection of macrophages with GXM-expressing Cn strains
(H99S and 24067) significantly increased the duration of the
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canonical NF-«kB response to LPS. However, this effect was
absent when cells were infected with the GXM-deficient Cn
strain, Cap59, suggesting that the ability of intracellular Cn to
modulate NF-«B signaling was GXM-dependent and that the
modulatory effects for GXM differ depending on the mode of
presentation (i.e. whether it is extra- or intracellular).

To determine how intracellular C# might perturb the kinet-
ics of the p65 response to LPS, we employed a mathematical
model of NF-«B signaling (24). Simulations indicated that a
small reduction in the rate of IkBa synthesis, effectively
decreasing the strength of negative feedback, would extend the
duration of p65 nuclear occupancy after LPS stimulation. This
model-generated hypothesis was plausible because (i) intracel-
lular Cn has been previously shown to affect protein translation
in murine peritoneal macrophages and J774.16 macrophage-
like cells (33), and (ii) we were able to demonstrate that partial
inhibition of translation using CHX extended p65 nuclear
occupancy after LPS stimulation in RAW 264.7 macrophages.
Measurement of nascent protein production in Cu-infected
cells using two different methods showed that only live, GXM-
expressing Cn were able to partially inhibit protein synthesis,
providing a possible explanation for the differences in LPS-in-
duced NF-«B signaling dynamics observed between GXM-pos-
itive and -negative Cu strains.

In this study, we were also able to show that phagosomal
proliferation of Cn to high burden was sufficient to induce sta-
ble nuclear localization of p65 in the absence of exogenous pro-
inflammatory stimuli. Contrary to expectations, this was not
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accompanied by expression from the NF-«B-regulated T#fpro-
moter or expression of iNOS, a well studied NF-«B target gene
and a marker of M1 macrophage activation. As before, we uti-
lized the mathematical model to identify potential mechanisms
to explain the stable nuclear localization of p65 in these cells in
the absence of stimuli and again found that this could be caused
by decreases in the rate of IkBa synthesis but also by a reduction
in the rate of nuclear export of NF-kB-IkBa complexes. These
two competing hypotheses were tested by immunostaining
cells for IkBa. We found that CIN-p65 cells contained large
quantities of nuclear IkBa, which was consistent with the sec-
ond hypothesis. This finding, although unexpected, is not with-
out precedent and may help to explain the absence of TNFa and
iNOS expression in these cells.

We and others have previously shown that extended nuclear
occupancy of p65 may not necessarily result in effective inter-
actions with chromatin (22, 47, 48, 54). Trapping of p65 in the
nucleus through the use of nuclear export inhibitors (i.e. lepto-
mycin B) may be accompanied by the loss of p65 post-transla-
tional modifications, such as phosphorylation of Ser®*®, that are
associated with activity (22). Newly synthesized IkBa in these
cells will complex with nuclear p65, decreasing association with
chromatin (47, 48). It has also been shown in LPS and leptomy-
cin B co-treated macrophages that IkBa is selectively recruited
with p65 to various NF-kB-regulated promoters, including the
Tnf, IL-18, and IL-6 gene promoters, repressing gene transcrip-
tion (54). Although these data are consistent with our findings,
the causes of nuclear p65 and IkBa accumulation and the
absence of TNFa and iNOS expression in Cr-infected macro-
phages remain unclear. One possible explanation is that
p65:1kBa complexes are being trapped in the nucleus as a con-
sequence of Cn-induced post-translational modifications or
through inhibitory interaction with other nuclear proteins. One
such candidate would be protein methyltransferase 2, which
has been shown to control inflammatory TLR4-NF-«B signal-
ing in macrophages by directly associating with IkBa in the
nucleus, blocking its chromosome region maintenance 1
(CRM1)-dependent nuclear export and decreasing TNFa and
IL-6 expression (55, 56). It is also possible that in Cn-containing
cells, nuclear p65 may associate with co-repressors such as his-
tone deacetylases 1 and 2 or other negative regulators of p65
activity like SIRT1 (57, 58). Indeed, other pathogens have been
shown to utilize SIRT1 activity in macrophages as part of intra-
cellular survival strategies (59). These and other possible mech-
anisms will be explored in future studies.

In summary, in the context of LPS-induced activation, our
data show that Cn is able to alter the way in which macrophages
encode information about the inflammatory signaling environ-
ment in the dynamics of p65 transcription factors, ultimately
suppressing the ability of macrophages to participate in an
effective immune response through the production of pro-
inflammatory cytokines or the expression of genes required
for M1 activation. We also propose that the mechanisms
utilized by Cn to modulate NF-«kB signaling change as the
pathogen transitions from an extracellular to an intracellular
lifestyle.
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Experimental Procedures

Culture and Opsonization of Cn—Cn serotype A, strains
H99S (28), Cap59 and serotype D strain 24067 were grown in
yeast peptone dextrose broth for 48 h at 37 °C with shaking
(Cap59 was grown at 30 °C for similar amounts of time). After
48 h, the cells were washed three times with PBS and counted.
For GXM-expressing strains, 1 X 107 cells were opsonized with
10 pg/ml 18B7 mAb (a kind gift from Dr. Arturo Casadevall,
John Hopkins School of Public Health) at 37 °C for either 30
min (H99S) or 1 h (24067) and then washed again (three times
with PBS) to remove excess antibody and infected at a 10:1
multiplicity of infection. For experiments requiring heat-killed
Cn, yeast were incubated at 60 °C for 30 min prior to opsoniza-
tion. All cultures were started from frozen stock to ensure that
no microevolution occurred.

GXM Purification and Validation—To ensure there was no
contaminating galactoxylomannan present, GXM was pre-
pared using the Cn serotype A, galactoxylomannan-negative
strain Ugel (29). Ugel was cultured in 200 ml of defined mini-
mal medium (15 mm glucose, 10 mm MgSO,-7H,0, 29.4 mm
KH,PO,, 0.13 mm glycine, 3 um thiamine HCI, pH 6.0) for 5
days. Yeast cells were centrifuged using an ultracentrifuge
(Beckman Coulter Inc., Pasadena, CA) at 11,000 X g (8000 rpm)
for 20 min. GXM was purified from the supernatant by precip-
itation with 0.2 m NaCl and 0.05% cetyltrimethylammonium
bromide as described by Cherniak et al. (30) followed by addi-
tional washing steps with 2% acetate in ethanol, 90% ethanol,
and absolute ethanol (31). Although not tested specifically in
these experiments, this GXM purification protocol has been
shown to preserve the O-acetylation of GXM (30). The solution
was centrifuged again at 11,000 X g (8000 rpm) for 10 min, the
supernatant was removed, and the remaining pellet was dried
and weighed. LPS was removed from all samples using a Poly-
myxin B column in LPS-free distilled water. The samples were
then lyophilized and resuspended in LPS-free water. The puri-
fied GXM was validated by ELISA using IgG, mAb 18b7 and a
colorimetric sugar assay employing H,SO, and phenol (32).
Purified GXM was negative for endotoxin/LPS contamination,
as tested by limulus amebocyte lysate assay (<0.017 EU/ml).

Macrophage Culture and Phagocytosis Conditions—RAW
264.7 (TIB 71) murine macrophages were obtained from ATCC
(Manassas, VA). RAW 264.7 stably expressing p65-EGFP
fusion proteins from an endogenous reporter and a destabilized
mCherry reporter of Tnfpromoter activation (“NF-«B reporter
cells”) were a kind gift from Dr. Iain Fraser (National Institutes
of Health) and have been previously described (24). Both cell
lines were cultured in DMEM containing 10% FBS, 200 mm
L-glutamine, 100 units/ml penicillin and streptomycin, and 50
pg/ml gentamicin and maintained at 37 °C in a humidified 5%
CO, atmosphere.

For live cell microscopy, 2 X 10° NF-«B reporter cells were
seeded into 35-mm glass-bottomed dishes (Cellvis) 24 h prior to
imaging in 2 ml of medium. Approximately 16 h prior to Cn infec-
tion, the cells were “primed” with IFN-vy (500 units/ml) to increase
the proportion of macrophages capable of phagocytosing Cn.

Time Lapse Microscopy and Immunofluorescence—Cells
plated in 35-mm glass-bottomed dishes were imaged using a
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Nikon Ti-Eclipse wide field microscope equipped with a CFI
Plan Fluor 40X oil immersion NA 1.30 objective, Intensilight
epifluorescence illuminator, computer-controlled stage (Nikon),
CoolSNAP MYO camera (Photometrics), and a full environ-
mental enclosure with CO,, humidity, and temperature control
(InVivo Scientific). The microscope was controlled using
Nikon Elements Software (Nikon).

Images were acquired at 3-min intervals for the indicated
durations. Typically, cells were imaged for up to 1 h prior to
infection with Cn and then an additional 1 h before cells were
exposed to pro-inflammatory stimuli (ie. LPS). EGFP was
excited through a 465-495-nm excitation filter, and emitted
light was detected through a 515-555-nm barrier filter
reflected from a 505-nm dichroic mirror. mCherry was excited
through a 535-550-nm excitation filter, and emitted light was
detected through a 610 —675-nm barrier filter reflected from a
565-nm dichroic mirror.

In cases where Cn infection induced stable nuclear localiza-
tion of p65-EGFP, the cells were fixed with ice cold methanol
for 5 min and then immunostained with a primary antibody
raised against either iNOS (1:100 dilution; catalog no. 131208,
Cell Signaling) or IkBe (1:100 dilution; catalog no. sc-371, Santa
Cruz Biotechnology), followed by an anti-rabbit Alexa Fluor
647-labeled secondary antibody (1:200 dilution; catalog no.
ab150075, Abcam) and then stained with Hoechst 33342.
Stained cells were also imaged using a Nikon Ti-Eclipse wide
field microscope. Alexa Fluor 647 was excited through a 590 —
650-nm excitation filter, and emitted light was detected
through a 663-738-nm barrier filter reflected from a 660-nm
dichroic mirror. Hoechst 33342 was excited through a 340—
380-nm excitation filter, and emitted light was detected
through a 435-485-nm barrier filter reflected from a 400-nm
dichroic mirror.

Protein Translation Assays—RAW 264.7 cells were seeded at
a density of 2 X 10°/well into tissue culture-treated 6-well
plates (USA Scientific, Ocala, FL) containing no. 1.5 (0.17-mm
thick) glass coverslips. The cells were activated with 500
units/ml IFN-y and 1 ug/ml LPS ~16 h prior to infection with
Cn and again with 1 ug/ml LPS concurrent with Cnu infection.
The cells were allowed to phagocytose Cn for 2 h (10:1 multi-
plicity of infection). Extracellular Cn was washed away with
RAW?264.7 culture medium, and macrophage ribosome activity
was determined by two separate methods: ribopuromycylation,
adapted from Coelho ez al. (33), and staining with O-propargyl-
puromycin using the Click-iT Plus OPP protein synthesis assay
kit Alexa Fluor 647 (Life Technologies) in accordance with the
manufacturer’s guidelines. For the ribopuromycylation assay,
the cells were incubated for 15 min at 37 °C in a humidified 5%
CO,, atmosphere with culture medium supplemented with 91
M puromycin and 208 uM emetine, with one well not including
puromycin as a negative control. The cells were permeabilized
with 50 mm Tris-HCI, 10 units/ml RNaseOut, 0.015% digitonin,
cOmplete™ Mini Protease Inhibitor Mixture tablet (Sigma-
Aldrich), fixed with 3% paraformaldehyde, and blocked with
1X PBS, 0.05% saponin, 10 mM glycine, and 5% goat serum. The
cells were immunostained with a primary antibody raised
against puromycin, PMY-2A4 (1:100 dilution, developed by Dr.
Jonathan Yewdell (National Institutes of Health) (34), and
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obtained from the Developmental Studies Hybridoma Bank,
created by the NICHD, National Institutes of Health, and main-
tained at the University of Iowa Department of Biology),
detected using Alexa Fluor 555-labeled anti-mouse secondary
antibodies (1:200). The cells were co-stained with Hoechst
33342 nuclear stain. With the Click-iT Plus OPP Kkit, one well
was not infected with Cr and treated with 100 uMm of the ribo-
some inhibitor CHX for 30 min. Stained cells were imaged
using a Zeiss LSM700 laser scanning confocal microscope.
Alexa Fluor 647 fluorescence was excited using a 555-nm laser
and detected through a LP640 filter. NuclearMask Blue fluores-
cence was excited using a 405-nm laser, and fluorescence was
detected through a SP 555-nm filter.

Image Analysis—Post-acquisition, 14-bit Nikon nd2 images
were analyzed using FIJI (35). Typically, individual field time-
courses were thresholded for each recorded fluorescence chan-
nel. Mean nuclear and cytoplasmic p65-EGFP fluorescence was
quantified for individual cells and expressed as the nuc:cyto
ratio. For each cell analyzed, this ratio was used to generate
values for (i) amplitude, reported as the maximum nuc:cyto
ratio reached during the time course; (ii) time to maximum,
reported as minutes after LPS stimulation until the first maxi-
mum nuc:cyto ratio was achieved; and (iii) duration, which uti-
lized nuc:cyto normalized to the maximum value and was
reported as minutes between nuc:cyto > 0.5 to nuc:cyto < 0.5.
Whole cell integrated mCherry fluorescence was determined for
each cell and normalized to the pretreatment or initial value. For
experiments involving infection of cells with Cr, data were pro-
duced for both Crn-containing (Cn +ve) and an equal or greater
number of cells that did not contain Cn (Cn —ve) as internal con-
trols. The initial number of Cn present within the cell was recorded
and in some cases tracked throughout experiments. For the pro-
tein translation assays, 16-bit Zeiss czi images were also analyzed
using FIJI. The images were background subtracted, and mean
whole cell Alexa Fluor 555 was quantified for each cell for ribopu-
romycylation straining, and mean nuclear Alexa Fluor 647 fluores-
cence was quantified for each cell for the Click-iT Plus OPP stain-
ing. To avoid bias, all non-infected control cells in every field
containing Cn-infected cells were analyzed.

Numerical Experiments—A previous model of NF-«B signal-
ing in macrophages (Sung et al. (24)) was adapted to investigate
potential mechanisms through which Cn modulates LPS-in-
duced NF-kB signaling. Specifically, we adapted the original
model to account for the ratio of nuclear to cytoplasmic vol-
ume, which we took as 0.3 (25). For example, if a chemical
species, X, is present in both the nucleus and the cytoplasm,
then the mathematical model tracks the concentration in both
compartments. Let X, be the concentration in the nucleus, X
be the concentration in the cytoplasm, V,, be the volume of the
nucleus, and V_ be the volume of the cytoplasm. If « is the rate
at which X_ decreases because of the movement of X out of the
cytoplasm and into the nucleus, so that dX_/dt = —a, then X,
increases at rate (V_/V,)a, so that dX, /dt = ... + (V_/V,)a.
Similarly, when X moves from the nucleus to the cytoplasm, the
resulting rate of change of X_is —V, /V_ that of X,. To provide
a better qualitative fit to our data, we also lowered the rate of
IkB synthesis by a factor of 0.2 and the maximum rate at which
IKK is activated through the MyD88- and TRIF-dependent
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pathways by factors of %4 and %, respectively. Aside from these
adjustments, the equations are as in the original model (24). A
Matlab program was developed to (i) vary the model parame-
ters that control the initial (p19) and delayed (p20) waves of IKK
activity, the rate of IkB translation (p9), the rate of nuclear
import of IkB (p12), and the rate of nuclear export of IkB-p65
(p14); and (ii) visualize how the timing and magnitude of the
p65 response varies with these parameters. Because the math-
ematical model consists of a system of delay differential equa-
tions, we generated a solution history for each numerical exper-
iment; the solver was initialized using the constant history
provided in Sung et al. (24). The solution was then simulated
over a long time interval (20 h) to eliminate transient behavior.
In case our intent was to investigate the effect of changing a
select kinetic parameter from the downstream pathway (i.e. p9,
pl2, or p14), at the end of this time interval the parameter of
interest was altered (to reflect a potential effect of Cn infection),
and the solution was simulated over an additional time interval
(20 h) before LPS stimulation was initiated by changing the
associated parameters (p19 and p20) to nonzero values. After
LPS stimulation the solution was simulated for an additional
10 h (model driver file in supplemental materials).

Statistical Analysis—For the purified GXM experiments, dif-
ferences in time to maximum amplitude were analyzed using
analysis of variance (ANOVA), whereas differences in the max-
imum amplitude were analyzed using Wilcoxon Rank sums
because the data did not fall into a normal distribution, and
Wilcoxon Rank sums is a more conservative test. For the intra-
cellular Cn experiments, the data for time to maximum ampli-
tude, maximum amplitude, and length of time p65 was in the
nucleus (duration) were transformed into a normal distribution
and then analyzed using multivariate ANOVA with simple
effects to test for differences between different amounts of
intracellular Cn. Differences in translation were analyzed using
ANOVA for assays using the Click-iT OPP staining kit and
Wilcoxon Rank sums for the ribopuromycylation assays. To
determine whether macrophages with high intracellular bur-
den had decreased TNF« expression after the addition of LPS,
the data were analyzed using an unpaired Student’s ¢ test. For all
tests, p < 0.05 was considered significant.
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function [nuc_cyt, nuc_cyt@,tint_stim_plot, tint@] =
kappamacrophage_2016

%This code simulates the effect of changing one of a collectin

of select parameters of an augmented version of the model

of NF-kB signaling by Sung et al. The model variables are as in
Sung et al.

o o° o°

% pl9: a vector of magnitudes of initial wave of IKK activation,
% p20: a vector of magnitudes of delayed IKK activation

% pl2: a vector of rates of transport of IkB into nucleus

% pld: a vector of rates of export of IkB-p65 from the nucleus
% p9: a vector of rates of IkB synthesis

Numerical values for the parameters are from Sung et al,
however, the rate of synthesis is reduced from Sung et al to
provide

% better qualitative match to data.

o° o°

% Additional parameters for augmented model include the strength of
late and

% early phase LPS signaling (ck(19) and ck(20) respectively) and the
ratio

[o)

% of nuclear to cytoplasmic volume.

%sset parameters
kappamacrophage_parameters

%NC=nuclear volume : cytoplamic volume
NC=1/CN;

%id = 9, 12, 14, 15, 17, 19, 20
id=19; %index of parameter to vary
N=3; %number of parameter choices

%sfactors by whcih a select parameter is varied
vry=zeros(21,3);
vry(9,:)=[.4,.5,1];

vry(12,:)=[.25,.5,1];
vry(14,:)=[.25,.5,1];
vry(15,:)=I[1,2,3];

vry(17,:)=I[.5,.75,1];
vry(19,:)=[.5,.75,1];
vry(20,:)=[1,1.5, 2];

% Tf: final time for simulation,
Tf=600;

%set time at which parameter value is changes (StimTImel) and
% time at which LPS stimulus is added (StimTime2)



StimTimel=1200;
StimTime2=2%StimTimel;

%sabsolute times at which to get solution
tint_stim=(StimTime2:.1:Tf+StimTime2);
tint@=(StimTimel:.1:StimTime2);

%scorrespoding times post StimTime2 for plotting
tint_stim_plot=(0:.1:Tf);

%all times at which solution is available
tint=(0:.1:StimTime2+Tf);

n=length(tint_stim_plot);
nd=length(tint@);

nuc=zeros(N,n);
cyt=zeros(N,n);
nuc@=zeros(N,n@);
cyt0=zeros(N,n0);

%Cck and ck® are vectors of baseline model parameters with and without
LPS

%stimulation. Kk and k@ are vectors of parameters, with parameter
values

%svaried from their baseline.

k=ck;
k@=cko;

%simulate model with select parameters varied
for i=1:N

%svary select parameter after LPS stim
k(id)=vry(id, i)=*ck(id);

%svary select parameter before LPS stim
ko(id)=vry(id,i)*ck@(id);

%find solution with select parameter varied

opts = ddeset('Jumps',1200);
sol3=dde23(@(t,y,z)KappaMacrophage_StimTime(t,y,z,k,k0,ckd,StimTimel,S
timTime2), [Lagl,Lag2,Lag3],y0, [0,StimTime2+Tf],opts);

%sget full solution

yint3 = deval(sol3,tint);
plot(tint,yint3)

%get solution after stim
yint = deval(sol3,tint_stim);
plot(tint_stim,yint)



%get nuclear and cytoplasmic concentrations of p65 after stim
nuc(i,:)=yint(7,:)+yint(9,:)+yint(14,:);
cyt(i,:)=yint(1,:)+yint(3,:)+yint(6,:)+yint(11,:)+yint(12,:);
tot=nuckx(CN+1)~-1+cytx(NC+1)~-1;

%get concentrations before stim

yint® = deval(sol3,tint0);
%get nuclear and cytoplasmin concentrations of p65 before stim

nuc@(i,:)=yint@(7,:)+yint0(9,:)+yint0(14,:);
cyt@(i,:)=yint@(1,:)+yint0(3,:)+yint0@(6,:)+yint0@(11,:)+yint0(12,:);

end
%get nuc : cyt for p65 after and before LPS stimulus.

nuc_cyt=nuc./cyt;
nuc_cyt@=nuc@./cyto;

%splot response vs. parameter

%splot time series

plot(tint_stim_plot(1:3001),nuc(:,1:3001), 'LineWidth',4);

xlabel('time (min)', 'FontSize', 20);

ylabel('nuclear NF-\kappaB', 'FontSize',b20);

legend(sprintf('p_{%d}:p_{%d}" *=%.2f"',id, id,vry(id, 1)),
sprintf('p_{%d}:p_{%d}"*=%.2f"',id,id,vry(id,2)),
sprintf('p_{%d}:p_{%d} *=%.2f"',id,id,vry(id,3)));

legend( 'boxoff")

saveas(gcf,sprintf('NFkBnP%d',id));

plot(tint@(1:6001),nucd(:,1:6001), 'LineWidth',4);
xlabel('time (min)', 'FontSize', 20);
ylabel('nuclear NF-\kappaB', 'FontSize',20);
legend(sprintf('p_{%d}:p_{%d}"*=%.2f',id, id,vry(id,1)),
sprintf('p_{%d}:p_{%d}**=%.2f"',id, id,vry(id,2)),
sprintf('p_{%d}:p_{%d}**=%.2f"',id, id,vry(id,3)));
legend( 'boxoff")
saveas(gcf,sprintf('NFkBnP%d_0',id));

%plot response vs. parameter n:c

%splot time series

plot(tint_stim_plot(1:3001),nuc_cyt(:,1:3001), 'LineWidth',4);

xlabel('time (min)', 'FontSize', 20);

ylabel('nuc NF-\kappaB : cyt NF-\kappaB', 'FontSize',b20);

legend(sprintf('p_{%d}:p_{%d}"*=%.2f"',id, id,vry(id, 1)),
sprintf('p_{%d}:p_{%d}**=%.2f"', id, id,vry(id,2)),



sprintf('p_{%d}:p_{%d}**=%.2f"',id, id,vry(id,3)));
legend( 'boxoff")
saveas(gcf,sprintf('NFkBnP%d_nc',id));

plot(tint@(1:6001),nuc_cyt0(:,1:6001), 'LineWidth',4);

xlabel('time (min)', 'FontSize', 20);

ylabel('nuc NF-\kappaB : cyt NF-\kappaB', 'FontSize',20);

legend(sprintf('p_{%d}:p_{%d}"*=%.2f"',id,id,vry(id, 1)),
sprintf('p_{%d}:p_{%d}**=%.2f"',id, id,vry(id,2)),
sprintf('p_{%d}:p_{%d}**=%.2f"',id, id,vry(id,3)));

legend( 'boxoff")

saveas(gcf,sprintf('NFkBnP%d_nc@',id));

plot(tint_stim,tot);
saveas(gcf,sprintf('NFkBtotP%d',id));

end
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