


























F1G. 6. Part of a PMN incubated with R. tsutsugamushi and a paraffin oil emulsion. Rickettsiae and
paraffin oil were phagocytized separately, and the phagosomes did not fuse. Paraffin oil-containing phago-
somes often contain a dense substance presumably from lysosomal fusion (X 70,000).

F16. 7. Part of a PMN incubated with R. tsutsugamushi and E. coli. Rickettsiae and E. coli organisms
were phagocytized separately in different phagosomes. E. coli organisms were always found in phagosomes
with a wide surrounding clear space (%X40,000).

F1G. 8. Part of a PMN incubated with R. tsutsugamushi and polystyrene latex particles. Two disrupted or
degenerating rickettsiae (DR) are in the glycogen autophagosomes along with three polystyrene latex particles.
In contrast, a single, intact rickettsia (R) is tightly enclosed in a phagosomal membrane (X25,000).
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F1G. 9. Part of a PMN preincubated with ThO,, washed, and incubated with R. tsutsugamushi. ThO, was
found in vacuoles, and no label was found attached to the surface of PMNs. Rickettsiae with partially
detached outer membranes were found in large vacuoles containing ThO.. At the upper left, there is a broken
phagosome with a rickettsia and glycogen particles. Note that the phagosome which appears to be releasing

rickettsiae does not contain ThO, (X46,000).

rickettsiae are phagocytized selectively in indi-
vidual tightly enclosing phagosomal membranes
which exclude large tracer particles and small
markers that are neutral or positively charged.
Only limited amounts of the small, negatively
charged tracers used in this study, ferritin and
thorium dioxide, were phagocytized with intact
rickettsiae.

Disrupted degenerating rickettsiae are phag-
ocytized into large phagosomes containing many
rickettsiae and tracer particles. After rickettsial
degeneration the close envelopment of rickett-
siae by the plasma membrane is lost, and selec-
tive phagocytosis by PMNs is no longer appar-
ent.

Effect of tracers on phagocytosis. When
electron-dense tracers were added to the incu-
bation mixture of rickettsiae and PMNs simul-
taneously, the number of rickettsiae phagocy-
tized by PMNs was reduced to fewer than one-
half of the number in tracerless control cells or
in experiments in which the tracer and rickett-
siae were added sequentially (Fig. 9 and 10).

Although the reason for this reduction is not
known and may vary for different tracers, the
reduced uptake does not appear to be related to
the capacity of phagocytosis of PMNs or com-
petitive inhibition to the receptor, since prein-
cubations of PMNs with these markers (Fig. 9
and 10) did not decrease the subsequent rickett-
sial uptake. A previous study (8) has shown that
when Formalin-killed rickettsiae are treated
with antirickettsial antibodies, the uptake of
rickettsiae is enhanced greatly. However, the
present study reveals that considerable endocy-
tosis of intact rickettsiae can occur without op-
sonization with antibodies.

Origin of membrane fragments in the
PMN cytoplasm. Plasma membranes of PMNs
with attached particles of ThO, were found lin-
ing phagosomes containing intact rickettsiae.
The fragments of ThO,-labeled membranes in
the vicinity of intact rickettsiae in the PMN
cytoplasm appear to be due to phagosomal dis-
ruption during rickettsial release. Further evi-
dence on the origin of these ThO,-labeled mem-
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Fi1G. 10. Total number of rickettsiae in 100 thin sections of PMNs (including nuclei) counted by electron
microscopy. Rickettsiae were classified as intact or degenerated and whether they were in phagosomes or free
in the cytoplasm. The outlined area designated “fusion” indicates the presence of markers in the phagosomes
with rickettsiae. Since the rickettsiae were added to the preparation after thorough washing of the PMNs,
they were presumably taken up independently, and the presence of markers with rickettsiae is probably the
result of phagosome fusion. The percentage of the sectioned profiles of PMNs containing rickettsiae were:
controls, 48%; carbon particles, 43%; cationized ferritin, 57%; and ThO: plus cationized ferritin, 57%.

branes is suggested by the preincubation of
PMNs with this tracer. Under these conditions
phagocytized intact rickettsiae do not fuse with
ThO,-containing phagosomes. Therefore, these
membrane fragments are assumed to have orig-
inated from the original rickettsia-containing
phagosome.

Fate of markers cophagocytized with
rickettsiae. Most of the tracers used except
ferritin and ThO, were excluded from phago-
somes containing intact rickettsiae. All tracers
incorporated into phagosomes with disrupted
rickettsiae and cellular debris remained confined
in the phagosomes or autophagosomes contain-
ing glycogens throughout the incubation period.
Therefore, the release of tracers into the cyto-
plasm appears to be related to the uptake and
escape of viable rickettsiae from phagosomes.

Fusion of phagocytized rickettsiae with
existing phagosomes. Phagosomes containing
viable rickettsiae did not fuse with each other or
with existing phagosomes. However, phago-

somes with degenerating rickettsiae frequently
coalesced within 30 min with previously formed
phagosomes.

Since phagosomes containing intact, viable-
appearing rickettsiae did not show acid phos-
phatase activity (Y. Rikihisa and S. Ito, J. Cell
Biol. 83:462a, 1979), we feel that lysosomes do
not fuse with the phagosomes containing intact
rickettsiae as readily as they do with phago-
somes containing disrupted rickettsiae. It may
be during this period after phagocytosis when
there is no lysosomal activity with the intact
rickettsiae that they can escape into the cyto-
plasm. Glycogen autophagosomes up to 5 pm in
diameter were frequently observed. According
to studies in progress, autophagosome formation
appears to be an active process in PMNs. Only
degenerated (not intact) rickettsiae or extracel-
lular markers were found in these autophago-
somes, suggesting that there is fusion of these
phagosomes with glycogen autophagosomes.

Discussion of related findings. In an inter-
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esting light microscope study, Wisseman et al.
(9) described the existence of direct entry and
exit, or bidirectional traffic, of R. rickettsii into
and out of cultured cells. The actual process was
not described ultrastructurally, but it was im-
plied that a process other than phagocytosis
might be involved in “direct entry.” In the pres-
ent study, R. tsutsugamushi showed no signs of
gaining entry into PMNs by means other than
phagocytosis. Electron microscopy of numerous
preparations failed to reveal rickettsiae directly
penetrating the host cell plasma membrane. Ex-
traphagosomal, free rickettsiae were not found
in the filamentous ectoplasm subjacent to the
cell membrane but were localized in the glycogen
areas. Furthermore, when electron-dense tracers
were found in the PMN cytoplasm, they were
also present in the glycogen areas.

When ferritin or ThO, was used to label the
surface of infected BHK-21 cells, the PMNs
apparently recognized the plasma membrane
protrusions on the BHK-21 cells which con-
tained rickettsiae as phagocytizable objects.
This uptake is fairly selective, since protrusions
without rickettsiae were not phagocytized, and
the amount of BHK-21 cytoplasm taken up was
very limited. The BHK-21 cell plasma mem-
brane where the rickettsiae protrude is in close
opposition (~20 nm) with the rickettsial outer
membrane, and it seems possible that there is
some interaction. This may cause some change
in the characteristics of the outer surface of the
BHK-21 cell plasma membrane. Although fer-
ritin and ThO; bound uniformly to the plasma
membrane of infected BHK-21 cells, the addi-
tion of ferritin particles allowed the PMN to
distinguish this part of the BHK-21 cell.

All membranes of infected BHK-21 cells were
labeled with both positively charged cationized
ferritin and negatively charged ferritin. How-
ever, it is interesting to note that only the neg-
atively charged ferritin caused the uptake of
rickettsiae in cell projections. None of the rick-
ettsiae in these protruding processes which were
phagocytized by PMNs was released into the
cytoplasm of PMN within the 1-h incubation
period. Thus, this process does not seem to be
the mechanism for the rapid entry of rickettsiae
into the cytoplasm of PMNs. In an in situ study,
Ewing et al. (3) observed the phagocytosis of
membrane-enclosed rickettsiae by neighboring
mesothelial cells and their subsequent release
into the cytoplasm. The rickettsial entry ob-
served in PMNs may be too rapid or infrequent
to be encountered in experimentally infected
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animals. There is a possibility that all the phag-
ocytized rickettsiae still enclosed in the original
host cell membrane may still be attached to the
whole BHK-21 cell, but observations on many
specimens indicate that most of these enclosed
rickettsiae are completely separated from the
original host cell.

This study provides morphological evidence
that viable rickettsiae are selectively phagocy-
tized and phagosomes with intact rickettsiae do
not fuse with secondary lysosomes. However, it
is possible that rickettsiae may escape from
phagolysosome during or immediately after ly-
sosomal fusion. It is hoped that further work
with this model system will help to clarify many
aspects of how rickettsiae enter host cells.
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