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Abstract

The plague is caused by the bacterium Yersinia pestis. Plague bacteria are thought to inject
effector Yop proteins into host cells via the type Il pathway. The identity of the host cells targeted
for injection during plague infection is unknown. We found, using Yop B-lactamase hybrids and
fluorescent staining of live cells from plague-infected animals, that Y. pestis selected immune
cells for injection. In vivo, dendritic cells, macrophages, and neutrophils were injected most
frequently, whereas B and T lymphocytes were rarely selected. Thus, it appears that Y. pestis
disables these cell populations to annihilate host immune responses during plague.

Yersinia pestis, the causative agent of plague or black death, harbors a virulence plasmid
that encodes a type I11 secretion machine and its Yop protein substrates (1, 2). The essential
contribution of type I11 secretion to the pathogenesis of plague was revealed by comparing
lethal infectious doses of wild-type and mutant strains (3). Yersinia type Il injection of Yop
proteins into tissue culture cells has been detected with fluorescent microscopy, adenylate
cyclase or Elk tag fusions, and fractionation techniques (4-7). These technologies, however,
have not been useful for measuring the selection of host cells as targets of type Il injection
during infection.

CCF2-AM, a B-lactamase substrate, has been used to detect bacterial type HI reporter
injection into tissue culture cells(8). CCF2-AM is a membrane-permeant ester with two
fluorophores attached to cephalosporin that exhibit fluorescence resonance energy transfer
(FRET). Excitation of coumarin (409 nm) results in green fluorescence emission from
fluorescein (520 nm) in intact CCF2-AM (9). B-Lactamase cleaves CCF2-AM, thereby
disrupting FRET and establishing blue fluorescence emission. To investigate the usefulness
of B-lactamase as a reporter for in vivo target cell selection by Y. pestis, we transformed
plasmids carrying translational fusions between YopM or glutathione S-transferase (GST)
and the mature domain of TEM-1 B-lactamase (YopM-Bla and GST-Bla, respectively) into
Y. pestis strain KIM D27(10) Bacterial cultures were induced for type 111 secretion via the
depletion of calcium at 37°C and then centrifuged to separate the extracellular medium from
bacterial cells (11). Immunoblotting of cell-associated and secreted proteins identified
YopM-Bla in the extracellular medium of KIM D27 cultures (Fig. 1A). In contrast, GST-Bla
or RpoA, the a subunit of RNA polymerase, were not secreted. Disruption of yscU, which
encodes a secretion machine component, abrogates all type 111 secretion (12). Reporter
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plasmids transformed into Y. pestis strain CHI30, carrying a stable insertion of MuAphP1 in
yscU, revealed YopM-Bla only in bacterial cells (Fig. 1A) (13). Infection of tissue cultures
with Y. pestis KIM D27 did not affect CCF2-AM-mediated green fluorescence, even though
the HeLa cells rounded after 2 to 3 hours of infection as a result of the injection of Yop
effectors (Fig. IB). After infection of tissue culture cells with Y. pestis KIM D27 (pMM83,
expressing YopM-Bla), cells fluoresced blue, revealing cleavage of the CCF2-AM
cephalosporin moiety by the hybrid (B-lactamase (Fig. IB). GST-Bla was not injected into
Hela cells, as tissue cultures infected with KIM D27 (pMM91, expressing GST-Bla)
generated only green fluorescence. YopM-Bla was not injected and blue fluorescence was
not observed for HelLa cells infected with yscU, yopD, or lcrV mutants, because each of the
disrupted genes is required for type Il injection (fig. S1) (14-16). Thus, TEM-1 B-lactamase
serves as a reporter for transport of hybrids by the Y. pestis type 111 secretion system.

To measure type 11 injection of primary cells, we isolated macrophages from the peritoneal
cavity of mice, infected them with Y. pestis, and stained them with CCF2-AM. Infections
with KIM D27 strains carrying pMM83 (YopM-Bla), but not pMM91 (GST-Bla), caused
blue fluorescence of CCF2-AM-stained cells (Fig. 2). As observed with HeLa cells, blue
fluorescence required functional yscU (Fig. 2) as well as lcrV and yopD. Thus, YopM-Bla
and CCF2-AM staining can be used to measure selection of murine target cells by the
Yersinia type Il secretion system.

Y. pestis replicates within lymphoid tissues of experimental animals—that is, in the lymph
nodes, bone marrow, liver, and spleen (17, 18). These organs are quickly filled with plague
bacilli and are depleted of immune cells; they then undergo tissue necrosis, and the death of
the infected animal follows (19). To test whether type Il injection can be detected during
plague infection, we infected mice intravenously with Y. pestis KIM D27 (pMM83) or Y
pestis KIM D27 (pHSG576, the vector control). All infections caused lethal plague disease
within 4 days. At 2 days after infection, moribund mice were killed and spleens were
removed. The tissue was homogenized, and cells were stained with CCF2-AM and viewed
by fluorescence microscopy. Blue and green cells were present in spleens of BALB/c or
C75BL/6 mice infected with KIM D27 (pMM83), whereas splenocytes from mice infected
with KIM D27 (pHSG576) stained homogeneously green (Fig. 3). Both plasmids were
stably maintained during infection and did not affect virulence (13).

We sought to determine the identity of cells targeted by the Yersinia type 111 pathway.
Spleens of naive C57BL/6 mice were homogenized and infected with Y. pestis KIM D27
carrying pMM83 (YopM-Bla), pMMB85 (YopE-Bla), or pHSG576. After 3 hours, cells were
stained with CCF2-AM and viewed by fluorescence microscopy. Some cells (e.g.,
erythrocytes) were not stained with CCF2-AM and displayed no fluorescence. However,
most splenocytes, either uninfected or infected with KIM D27 (pHSG576), fluoresced green.
Splenocytes infected with plague strains KIM D27 (pMM83) and KIM D27 (pMM85)
generated uniform blue fluorescence, signifying that these splenocytes had been injected
with YopM-Bla or YopE-Bla (fig. S2). Y pestis type Il injection of splenocytes was not
affected by treatment with cytochalasin D, which indicates that extracellular, but not
phagocytosed, microbes generate blue fluorescent signals (fig. S3). To determine whether Y.
pestis selected specific immune cells in vitro for type Il injection, we isolated splenocytes
and infected individual cell populations with Y. pestis strains KIM D27 carrying pMM83,
pMMS85, or pHSG576; some splenocytes were left uninfected. Y. pestis injected B cells,
CD4* T helper cells, CD8* T Kkiller cells, dendritic cells, or macrophages with YopM-Bla
and YopE-Bla but not with GST-Bla (fig. S4).

To quantify injected cells, we analyzed CCF2-AM-stained cell populations by flow
cytometry for the percentage of blue fluorescent cells. Y. pestis injected all five cell types
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with YopM-Bla or YopE-Bla (Fig. 4A). After in vitro infection, injection of YopM-Bla and
YopE-Bla occurred more frequently in B cells and dendritic cells, whereas CD8* T cells and
macrophages were injected less frequently. Surprisingly, YopM-Bla was injected more
frequently than YopE-Bla into CD4* T cells, whereas all other cell types were injected with
both type 111 effectors at similar rates. Thus, there appear to be differences in the in vitro
selection of immune cells for type 111 injection by Y. pestis, and not all effectors may be
injected with similar efficiency into specific cell types.

Although Y. pestis displays a preference for B cells and dendritic cells in vitro, true target
cell selection cannot be measured under these conditions because microbes are not presented
with a choice between different host cells. To address this problem, we examined target cell
selection in vivo by infecting C57BL/6 mice with 103 colony-forming units (CFU) of Y.
pestis strain KIM D27 carrying pMM83 or pHSG576. Moribund animals were killed 2 or 3
days after infection; spleens were removed, homogenized, and then stained with CCF2-AM.
Stained splenocytes were subjected to flow cytometry, revealing a precipitous decline in live
cells on the third day after infection (Fig. 4B). The number of KIM D27 (pMM83)-injected
blue cells increased from 1.42% on day 2 to 10.85% on day 3. In contrast, KIM D27
(pHSG576) infection generated only background staining of blue cells (0.80% and 1.76% on
days 2 and 3, respectively). The 10-fold increase in blue cells between days 2 and 3 can be
accounted for by an increase in bacterial load as well as a decrease in immune cells from the
spleen (20).

To further analyze target cell injection, we labeled splenocytes with allophycocyanin
(APC)-conjugated antibodies specific for CD19*/CD11c¢™ (B cells), CD4* (T helper cells),
CD8* (T killer cells), GR-1* (granulocytes/ neutrophils), and CD11c*/CD11b~ (dendritic
cells) as well as CD11b*/CD11c™ (macrophages), and we quantified the number of cells
positive for both the antibody and blue fluorescence (Fig. 4C). At 2 days after infection,
significant amounts of macrophages, dendritic cells, and neutrophils fluoresced blue,
indicating that these cells had been injected by Y. pestis with YopM-Bla. However, no
significant type Il injection was observed for CD4* and CD8* T cells or B cells (CD19™).
When compared with the total amount of YopM-Bla-injected (blue) cells, target selection
occurred most frequently for dendritic cells, macrophages, and neutrophils, whereas B and T
cells were not selected for type 11 injection (Fig. 4D). Blue staining of phagocytic cells
during infection with Y. pestis KIM D27 (pMM83, expressing YopM-Bla) is most likely due
to type Il injection and not caused by phagocytosis of B-lactamase containing bacteria,
because control infections with Y pestis KIM D27 (pMM891, expressing Gst-Bla) resulted
only in background fluorescence of splenocytes (fig. S5). To obtain additional proof for this
hypothesis, future studies will need to test its predictions on multiple levels of experimental
specificity. Because of the marked decline in live cells isolated 3 days after infection, it was
not possible to make a statistically valid analysis of type Ill1-injected cell types. However, it
seemed that the percentage of blue cells was similar for all cell types, which suggests that all
immune cells eventually became injected. Because B cells and T cells—which constitute the
overwhelming majority of splenic immune cells (Fig. 4E)—were not injected on day 2,
selection mechanisms must exist for bacterial type 111 injection of target cells. Macrophages,
dendritic cells, and granulocytes/ neutrophils are early targets for injection. Thus, Y. pestis
appears to make use of the type I11 secretion system to destroy cells with innate immune
functions that represent the first line of defense, thereby preventing adaptive responses and
precipitating the fatal outcome of plague.
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Fig. 1.

(A) Y. pestis secretes YopM-Bla, but not GST-Bla, into the medium in a type 111 machinery
(yscU)-dependent manner during in vitro secretion assays. Cultures were separated into
supernatant (S) and pellet (P) fractions, and proteins were visualized by SDS-
polyacrylamide gel electrophoresis (PAGE) and immunoblotting with antisera to -
lactamase (Bla) and RNA polymerase A (RpoA). (B) HelLa cells were infected with Y. pestis
carrying either empty vector (center) or YopM-Bla (right), followed by staining with CCF2-
AM and visualization of live cells by fluorescence microscopy. Blue and green fluorescence
and differential interference contrast images were overlaid to obtain composite images.
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Fig. 2.

Type I injection of peritoneal macrophages. Peritoneal macrophages were harvested from
C57BL/6 mice and infected with Y. pestis strains (wild type or yscU™) carrying either
YopM-Bla or GST-Bla. Live cells were stained with CCF2-AM and visualized by
fluorescence microscopy.
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Mice were infected with 105 CFU (BALB/c) or 103 CFU (C57BL/6) of Y. pestis carrying
either pHSG576 (vector) or pMM83 (YopM-Bla). After 2 days, infected spleens were
removed, homogenized, and incubated with CCF2-AM,; live cells were observed by
fluorescence microscopy.

C57 BL/6
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Fig. 4.

(A) Flow cytometric analysis of in vitro infections of purified cell populations with Y. pestis
carrying pMMB83 (YopM-Bla, white bars) or pMM85 (YopE-Bla, gray bars). The percentage
of live blue cells for each cell type was plotted (data are means + SEM of triplicate
samples). (B) Mice were infected with 103 CFU of Y pestis carrying either pHSG576
(vector) or pMM83 (YopM-Bla). Splenocytes were harvested and stained with CCF2-AM as
well as cell-specific surface markers. The R1 gate was set by forward scatter (FS) versus
side scatter (SS) and exclusion of propidium iodide—positive cells (top panel). R1-gated cells
were analyzed for blue and green fluorescence (bottom panel). (C) APC-conjugated
antibodies to cell-specific markers were used to determine percentages of blue cells for each
population. (D) The percentage of each cell type in the total population of blue cells was
determined by gating on each cell-specific marker. (E) Total population of each cell type in
infected spleens.
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