
HIV Infection of Alveolar Macrophages and Its 
Association With Mycobacterium Tuberculosis 
Intracellular Growth

Citation
Schiff, Abigail Esther. 2019. HIV Infection of Alveolar Macrophages and Its Association With 
Mycobacterium Tuberculosis Intracellular Growth. Doctoral dissertation, Harvard University, 
Graduate School of Arts & Sciences.

Permanent link
http://nrs.harvard.edu/urn-3:HUL.InstRepos:42013120

Terms of Use
This article was downloaded from Harvard University’s DASH repository, and is made available 
under the terms and conditions applicable to Other Posted Material, as set forth at http://
nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA

Share Your Story
The Harvard community has made this article openly available.
Please share how this access benefits you.  Submit a story .

Accessibility

http://nrs.harvard.edu/urn-3:HUL.InstRepos:42013120
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA
http://osc.hul.harvard.edu/dash/open-access-feedback?handle=&title=HIV%20Infection%20of%20Alveolar%20Macrophages%20and%20Its%20Association%20With%20Mycobacterium%20Tuberculosis%20Intracellular%20Growth&community=1/1&collection=1/4927603&owningCollection1/4927603&harvardAuthors=229c21e6e4dcee4f5d4baebfc13e452c&departmentMedical%20Sciences
https://dash.harvard.edu/pages/accessibility


 

Title page 
 

HIV Infection of Alveolar Macrophages and its Association with Mycobacterium tuberculosis 

Intracellular Growth 

 

A dissertation presented 

by 

Abigail Esther Schiff 

to 

The Division of Medical Sciences 

in partial fulfillment of the requirements 

for the degree of 

Doctor of Philosophy 

in the subject of 

Immunology 

 

Harvard University 

Cambridge, Massachusetts 

June 2019 

 

 

 

 

 

 

 



 ii 

Copyright 
 

 

 

 

 

 

 

Ó 2019 Abigail Esther Schiff 

All rights reserved. 

  

 

 



 iii 

Dissertation Advisor: Dr. Douglas Kwon     Abigail Esther Schiff 

 

HIV Infection of Alveolar Macrophages and its Association with Mycobacterium 
tuberculosis Intracellular Growth 

 

Abstract 
 

Alveolar macrophages (AMs) are the most abundant cell type in the lung airspace and 

are a primary line of defense against airborne pathogens. AMs from people with untreated HIV 

have impaired function which is believed to contribute to the increased susceptibility to active 

tuberculosis (TB) seen in this population. The lung is an early site of HIV replication and HIV 

RNA and DNA have been detected in AMs in the initial stages of infection, even though HIV at 

this stage does not enter macrophages efficiently in vitro. The mechanism of entry of HIV into 

AMs is unknown, and so are the impacts of untreated HIV infection on macrophage 

susceptibility to active TB. We performed bronchoscopy in HIV-infected antiretroviral therapy 

(ART)-naïve or uninfected control subjects living in South Africa. We isolated primary HIV 

envelope RNA sequences from AMs and plasma and used them to produce replication-

competent virus. Primary HIV isolates from AMs and plasma were T cell tropic and replicated 

inefficiently in monocyte-derived macrophages (MDMs), but could productively infect 

macrophages via a mechanism that required contact with HIV-infected CD4+ T cells. We 

performed RNA sequencing on AMs and found HIV-associated alterations in multiple pathways, 

including a strong upregulation of beta chemokines. These chemokines preferentially recruited 

monocytes, which were more susceptible to intracellular Mycobacterium tuberculosis (Mtb) 

growth than mature MDMs or AMs. Finally, we found that inhibitors of two HIV-induced proteins 

reduced intracellular Mtb growth in MDMs. We conclude that AM-derived HIV isolates are T cell 

tropic and can enter macrophages through contact with infected CD4+ T cells, which results in 

productive HIV infection of AMs. AMs from people with untreated HIV infection produce beta 
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chemokines which recruit monocytes that are permissive to Mtb infection, and these AMs have 

alterations in gene expression that decrease Mtb intracellular growth when inhibited. CD4+ T 

cell-dependent HIV entry into AMs and HIV-driven monocyte recruitment to the lung may be 

important contributors to the active TB risk seen in people living with HIV. 
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1.1 Epidemiology of HIV and HIV-associated lung disease  
 

Globally, 36.9 million people are infected with HIV, with almost a million AIDS-related 

deaths every year (UNAIDS, 2018). Although significant progress has been made worldwide in 

testing and treating people living with HIV, only 66% of people living with HIV (PLWH) in 

Eastern and Southern Africa are receiving antiretroviral therapy (ART), and only 52% of PLWH 

in this region are virally suppressed (UNAIDS, 2018), representing a large population of people 

with untreated or inadequately treated HIV who are at increased risk of infections.  

Pulmonary conditions are a leading cause of morbidity and mortality in both ART-treated 

and untreated individuals. People with untreated HIV are at increased risk of pulmonary 

infections with many pathogens, summarized in Table 1.1. This includes viruses like influenza 

virus and cytomegalovirus; fungi, including Pneumocystis jirovecii, Aspergillus, Cryptococcus, 

and endemic fungi; and bacteria, including bacterial pneumonia and mycobacterial infections 

from Mycobacterium tuberculosis (Mtb) and non-tuberculous mycobacteria (NTM) (Afessa et al., 

1998; Fitzpatrick et al., 2016; Hirschtick et al., 1995; Sonnenberg et al., 2005). Suppression of 

HIV replication with ART decreases the risk of many but not all of these conditions, but 

pulmonary infections continue to be the leading reason for hospitalization for PLWH in the 

United States, even in the age of widespread ART (Berry et al., 2012). ART-treated PLWH are 

at increased risk of acquiring bacterial pneumonias and tuberculosis (TB), as well as non-

infectious pulmonary conditions including chronic obstructive pulmonary disease (COPD), 

asthma, pulmonary hypertension, primary lung cancer, and obstructive sleep apnea (Fitzpatrick 

et al., 2016) (Figure 1.1). In addition to pulmonary diagnoses, PLWH on ART have an increase 

in respiratory symptoms like cough, dyspnea, and wheezing, and they experience respiratory 

failure more frequently than those without HIV (Fitzpatrick et al., 2016). Smoking rates are up to 

twice as high in PLWH than without, which adds to the risk of pulmonary complications; 

however, HIV increases risk of non-infectious pulmonary diseases even when controlling for 
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smoking status (Fitzpatrick et al., 2016; Helleberg et al., 2013). The impacts of HIV on the lung 

are linked to a decline in respiratory health and an increase in incidence and severity of both 

infectious and non-infectious pulmonary diseases. 

 
Table 1.1 Spectrum of lung infections and complications in HIV. Adapted from (Crothers et 
al., 2011; Fitzpatrick et al., 2016; Stover, 2019). 

Category Organism or disease Increased in 
untreated HIV? 

Increased in HIV 
with ART? 

Bacteria Streptococcus pneumoniae Yes Yes 
 Haemophilus spp. Yes Yes 
 Staphylococcus aureus Yes Yes 
 Pseudomonas aeruginosa Yes Yes 
 Other bacteria Yes  

Mycobacteria Mycobacterium tuberculosis Yes Yes 
 Mycobacterium avium complex Yes No 
 Mycobacterium kansasii Yes Unclear 
 Other mycobacteria Yes  

Fungi Pneumocystis jirovecii Yes No 
 Cryptococcus neoformans Yes Unclear 
 Histoplasma capsulatum Yes Unclear 
 Coccidioides immitis Yes Unclear 
 Aspergillus species Yes Unclear 
 Blastomyces dermatiditis Yes Unclear 
 Penicillium marneffei Yes Unclear 
 Other fungi Yes  

Viruses Cytomegalovirus Yes No 
 Influenza virus Yes Unclear 
 Other viruses Yes  

Parasites Toxoplasma gondii Yes No 
 Other parasites Yes  

Malignancies Kaposi sarcoma Yes Yes 
 Non-Hodgkin lymphoma Yes Unclear 
 Lung cancer Yes Unclear 

Other Chronic obstructive pulmonary 
disease Yes Yes 

 Asthma Yes Yes 
 Lymphocytic interstitial pneumonitis Yes No 
 Nonspecific interstitial pneumonitis Yes Yes 
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1.2 HIV and tuberculosis (TB) co-infection 
 

TB remains the leading cause of death for PLWH, causing 300,000 deaths in 2017 

(World Health Organization, 2018a). In an HIV-uninfected population, 10% of people infected 

with Mtb will develop active disease in their lifetimes. However, in the HIV-infected population, 

the risk rises to 10% every year, making HIV the greatest risk factor for active TB. Decline in 

peripheral CD4+ T cell counts and progression to AIDS correlates with increased risk of active 

TB disease (McShane, 2005). In contrast, Mtb is one of the few pathogens that causes 

increased disease across the full spectrum of HIV disease (Hanson et al., 1995). Although ART 

provides some measure of protection against TB for PLWH (Lawn et al., 2009), the incidence of 

TB among ART-treated subjects even with well-preserved CD4+ T cell counts is significantly 

greater than in the general population, with estimates between 2.79 and 7.20 fold higher risk 

(Gupta et al., 2012; Martin-Echevarria et al., 2014). A study of active TB among HIV-infected 

and uninfected miners in South Africa showed that the relative risk of TB was doubled within 

one year of seroconversion, despite high CD4+ T cell counts (Sonnenberg et al., 2005) (Figure 

1.1). Another study in the UK found that the risk of TB was correlated with both CD4+ T cell 

count and HIV viral load independently, but that people on ART still had increased risk of active 

TB (Gupta et al., 2015). A study involving genotyped Mtb strains showed that the increased risk 

of TB in HIV-infected people on ART was mainly due to increased new TB acquisition as 

opposed to reactivation of latent TB (Love et al., 2009). This suggests that individuals with HIV 

are more prone to acquiring new TB infection when they are exposed, which likely depends 

more on the state of the innate immune system in the lung rather than the presence of TB-

Table 1.1 (Continued) 
 Pulmonary arterial hypertension Yes Yes 
 Sarcoidosis Yes Unclear 
 Sleep-disordered breathing Yes Unclear 
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specific adaptive immune responses, which only engage many weeks after Mtb acquisition 

(Chackerian et al., 2002). This increased risk of active TB in people seen in PLWH is still not 

well understood. In order to better understand HIV-associated TB risk, it is important to 

understand the virology of HIV and how it enters lung immune cells. 

 

Figure 1.1. HIV increases the risk of active TB within the first year of HIV infection. Years 
since first negative test or seroconversion refers to HIV, in a study involving frequent HIV and 
TB testing in miners in South Africa. The red circle shows that the lines diverge within the first 
year of HIV infection. Adapted from (Sonnenberg et al., 2005).  
 

1.3 HIV virology 
 

A pattern of opportunistic infections and severe immunodeficiency in otherwise healthy 

young people was first noted by the medical community in June 1981 in Los Angeles (Centers 

for Disease, 1981), and the causative agent was identified in 1983 and 1984 (Barre-Sinoussi et 

al., 1983; Popovic et al., 1984), and soon acquired the names of acquired immunodeficiency 

syndrome (AIDS) and human immunodeficiency virus (HIV). HIV is a member of the family 

Retroviridae in the genus Lentivirus, with 100- to 120-nm enveloped virions containing two 

copies of single-stranded positive-sense RNA (Fields et al., 2013). There are two major types of 

154 • JID 2005:191 (15 January) • Sonnenberg et al.

Table 2. Incidence of tuberculosis (TB), by time since HIV seroconversion.

Category Pyar
No. of TB
cases

Incidence,
cases/100 pyar

(95% CI)

Rate Ratio (95% CI)

Unadjusted Adjusteda

Value Ptrend Value Ptrend

HIV-negative miners 36,020 289 0.80 (0.71–0.90) 1 1
HIV-positive miners, time since HIV seroconversionb .001 .09

!1 year 1849 30 1.62 (1.13 –2.32) 2.02 (1.39–2.94) 2.11 (1.45–3.09)
1–1.9 years 1449 29 2.00 (1.39–2.88) 2.50 (1.70–3.66) 2.25 (1.53–3.31)
2–2.9 years 1024 37 3.61 (2.62–4.99) 4.50 (3.20–6.34) 3.47 (2.44–4.93)
3–3.9 years 692 24 3.47 (2.32–5.17) 4.32 (2.85–6.55) 2.94 (1.92–4.51)
4–7 years 567 18 3.17 (2.00–5.04) 3.96 (2.46–6.37) 2.55 (1.57–4.16)

NOTE. CI, confidence interval; Ptrend, P for trend of time since HIV seroconversion, calculated within the HIV-positive group; pyar, person-years at risk.
a Adjusted for age and calendar period.
b Only the 1962 HIV-positive miners with a seroconversion interval of !2 years are included.

Figure 2. Nelson-Aalen cumulative hazard estimate of tuberculosis
(TB) incidence, by HIV status. HIV-negative miners are included beginning
with the first test. Miners with incident HIV infection are included be-
ginning with the estimated date of HIV seroconversion. The data above
the graph show the no. of miners being followed at the beginning of
each year. At the end of 1 year, the no. of HIV-negative miners being
followed decreases from 16,841 to 8835 because of censoring.

negative miners; in all analyses, this increased risk was sustained
during the following years. In most analyses, there was an in-
crease in the RR with time since HIV seroconversion.

DISCUSSION

In the present large cohort study, we have shown that the risk
of TB doubles within a year of infection with HIV. This early
increase in risk was sustained and increased slightly during the
following years. Our study estimated the risk only during the
early years after infection with HIV; the risk is likely to continue
to increase during later years, as CD4 cell counts decrease fur-
ther [13, 14].

Models of the effect of HIV infection on the risk of TB have
usually assumed that there is no increase in risk during the first
few years after infection [15–19]. The early increase we found
was therefore unexpected; however, no previous study would
have had the power to examine it. In Kinshasa, the point es-
timate was similar to ours, but the CIs were very wide (RR,
2.2 [95% CI, 0.55–9.1]; for up to 2 years of follow-up) [3]. A
recent study of European IDUs found an increased risk of TB
during years 4–6, compared with that during years 1–3, after
infection with HIV (RR, 2.8 [95% CI, 1.3–6.3]); however, the
study did not have the power to examine any variation in risk
within the first 3 years (9 TB cases) and had no HIV-negative
control group [2].
There are other measures of HIV-associated TB that support

the notion that the increased risk of TB occurs soon after in-

fection with HIV. In Thailand, an increase in HIV-associated
TB was noted very early during the epidemic, and TB was seen
in young adults who were unlikely to have been infected for
many years [20]. Large studies of HIV seroconverters show
detectable increases in AIDS and death within 2 years of se-
roconversion [21], suggesting that there is an alteration in im-
mune function soon after infection with HIV.
It has been noted that TB, and especially pulmonaryTB,occurs

relatively early in the HIV-related spectrum of diseases and often
before other AIDS-defining conditions [22, 23]. Our findings
may support the suggestion that pulmonary TB should not be
considered an AIDS-defining condition [24], but the early pul-
monary TB cases could have occurred in rapid progressors.
The results of the present study were not an artifact of the

study design. They were not due to biased inclusion of patients
with TB, since HIV tests performed because of TB were ex-
cluded. Our sensitivity analyses—changing the censoring cri-
teria, excluding all tests from the medical and TB wards and
from other sources, extending the period of exclusion around
a TB diagnosis, and restricting the analysis to miners with a
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HIV, called HIV-1 and HIV-2, which are related to separate simian immunodeficiency virus (SIV) 

ancestors. HIV-2 is associated with decreased virulence and is mainly confined to West Africa, 

while HIV-1 (referred to here as HIV) is responsible for the vast majority of HIV infections in the 

world today and is the focus of this dissertation. 

The HIV genome is about 10,000 bases long and contains 9 genes. The three primary 

polyproteins, Gag, Pol and Env, are translated from unspliced messenger RNA and then 

cleaved into mature proteins, while the remaining six proteins (Vif, Vpr, Tat, Rev, Vpu, and Nef) 

are translated from spliced messenger RNA. In a mature virion, the HIV RNA is tightly bound to 

nucleocapsid proteins and enclosed in a conical shaped capsid composed of the viral protein 

Gag p24 (capsid or CA). The virion also includes enzymes involved in viral infection like reverse 

transcriptase, HIV protease, ribonuclease and integrase, with matrix protein located immediately 

inside the viral envelope. The outside of the virion is composed of the lipid bilayer from the host 

cell with host proteins and the HIV Envelope (Env) protein. Env is composed of a trimer of three 

molecules of glycoprotein (gp) 120 and a stem of three molecules of gp41, which are inserted 

into the viral lipid bilayer (Fields et al., 2013). 
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Figure 1.2 Overview of the HIV replication cycle. The steps include binding to the CD4 
receptor and coreceptors, fusion with the cell membrane, uncoating of the HIV capsid, release 
of HIV RNA and proteins into the cytosol, reverse transcription of HIV RNA into DNA, formation 
of the pre-integration complex (PIC), translocation of the PIC into the nucleus, integration into 
the host DNA, transcription and RNA export of HIV RNA, assembly and budding of immature 
virions, and maturation after release with the help of HIV protease. From (Barre-Sinoussi et al., 
2013) 
 

The HIV replication cycle involves HIV entry, reverse transcription, integration, 

transcription, translation, assembly into new virions, and virion maturation (Figure 1.2) (Barre-

Sinoussi et al., 2013). The Env protein is responsible for HIV entry, tropism and fusion with the 

host cell membrane. First, the CD4 binding domain of gp120 attaches to CD4, which allows 

gp120 to undergo a structural change. This structural change exposes the chemokine receptor 

binding domains which can then interact with a coreceptor, which is generally CCR5 or CXCR4. 

Binding of gp120 to the HIV coreceptor leads to fusion of the viral and host cell membranes 

through refolding of gp41 into a six-helix bundle, which promotes fusion. Fusion can occur at the 

plasma membrane or in a macropinocytic or endosomal environment. Next, the HIV capsid 

uncoats, releasing the HIV RNA and proteins into the cytosol. It undergoes reverse transcription 

using the viral protein reverse transcriptase (RT), which turns the viral single-strand RNA 

genome into double-stranded DNA, destroying the original RNA in the process. The pre-
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integration complex (PIC) forms with HIV DNA, allowing access to the nucleus even in non-

dividing cells like macrophages, and HIV integrase inserts the HIV proviral DNA into host 

nuclear DNA. Once the provirus is integrated, HIV transcription occurs from the HIV long 

terminal repeat (LTR), which is a site of recruitment for host transcription factors and RNA 

polymerase II. Once transcribed, HIV RNA is exported from the nucleus and alternatively 

spliced to allow translation of first the accessory and then the primary HIV proteins. Virions are 

assembled with protein and RNA components and bud off the host cell plasma membrane. After 

budding, HIV protease cleaves Gag to allow the formation of a mature virion (Fields et al., 

2013). 

 

1.4 HIV tropism 
 

HIV strains, even within the same individual, can vary in their tropism or preference for 

different cell types. While CD4+ T cells are the main cellular target of HIV, macrophages can be 

infected by some strains of HIV, called macrophage (M)-tropic strains. Macrophages have a 20-

fold lower density of CD4 and a lower density of the HIV coreceptors CCR5 and CXCR4 

compared to activated CD4+ T cells (Campbell et al., 2014; Gartner et al., 1986; Joseph et al., 

2014; Lee et al., 1999; Park et al., 1999). Transmitted/founder HIV strains have a low affinity for 

CD4, use the CCR5 coreceptor, and are T cell tropic (T-tropic), with a much lower ability to 

enter and replicate in MDMs than in activated CD4+ T cells (Ochsenbauer et al., 2012). In acute 

and chronic HIV infection, the vast majority of circulating HIV strains use the CCR5 coreceptor 

(Brumme et al., 2005), are T-tropic (Arrildt et al., 2015; Ping et al., 2013), and enter monocyte-

derived macrophages (MDMs) 28-fold less efficiently than M-tropic strains (Joseph et al., 2014). 

The main target cells at this stage of infection are mucosal CD4+ T cells, such as those in the 

gastrointestinal tract or lung, which are highly activated, express the CCR5 coreceptor, and are 

highly susceptible to infection. These cells are infected at high rates and depleted early on 
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during HIV infection (Brenchley et al., 2004; Corleis et al., 2019; Mattapallil et al., 2005). Later in 

infection, HIV can develop the capacity to use the CXCR4 coreceptor while remaining T-tropic. 

Within some individuals, HIV evolves to acquire M-tropism in environments where CD4+ T cells 

are depleted, such as in late stage disease, in the central nervous system, or in macaques, 

when CD4+ T cells are experimentally depleted (DiNapoli et al., 2016; Micci et al., 2014). MDMs 

can be infected by M-tropic strains of HIV but not by T-tropic strains, while T cells can be 

infected with both M- and T-tropic HIV (Campbell et al., 2014; Gartner et al., 1986; Joseph et al., 

2014; Park et al., 1999). M-tropic strains have been documented to use either CCR5 or CXCR4 

as coreceptors, although usage of CCR5 is more common (Arrildt et al., 2015; Joseph and 

Swanstrom, 2018).  

The term tropism has been used to describe both the capacity of HIV to enter various 

cell types and coreceptor usage. Historically, it was clear that HIV strains differed in their ability 

to replicate in CD4+ T cells and macrophages. This difference was attributed to coreceptor 

usage. However, much of this early characterization in CD4+ T cells was performed in 

transformed T cell lines that expressed CD4 and CXCR4, but not CCR5, and hence only 

CXCR4-using (X4-tropic) T-tropic strains replicated in them (Joseph and Swanstrom, 2018). 

The other major class of HIV strains were not able to enter cells when CCR5 was blocked, and 

were classified as CCR5-using (R5-tropic). The R5-tropic category was often used 

synonymously with macrophage tropism, even though the macrophage replication capacity of 

CCR5-using viruses varies by over 1000-fold (Duncan and Sattentau, 2011). It was later shown 

that macrophage entry capacity correlated with sensitivity to agents that block the interaction 

between CD4 and gp120, but not with CCR5 affinity (Peters et al., 2008). More recently, it has 

been discovered that coreceptor usage and macrophage affinity are separate phenotypes, with 

coreceptor usage determined by the Env V3 region and macrophage affinity determined by Env 

CD4 affinity. Importantly, M- or T-tropism can be recapitulated by cloning of the Env protein into 

a replication-competent backbone (Ochsenbauer et al., 2012). 
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Another entry phenotype, syncytia induction (the ability of the virus to cause formation of 

multicell syncytia), was also thought to segregate neatly into the two existing categories: 

syncytium-inducing (SI) viruses as T-tropic and X4-tropic, and non-syncytium-inducing (NSI) 

viruses as M-tropic and R5-tropic. While SI strains are more likely to use the CXCR4 coreceptor 

than NSI strains (Crudeli et al., 2015), both M- and T-tropic HIV strains have been described to 

be SI (Compton and Schwartz, 2017). Our evolving understanding of HIV tropism therefore 

encompasses three different properties of a given virion, each determined by the Env protein: 1) 

M- or T-tropism, which is based on CD4 binding affinity; 2) coreceptor usage, which is based on 

the coreceptor binding site; and 3) syncytium induction, which is not well understood currently. 

These phenotypes are more often found in certain combinations, but each cannot be inferred by 

measuring the others and must be tested separately. The most common combinations are 

CCR5-using T-tropic HIV, which accounts for transmitted/founder viruses and most circulating 

viruses; CXCR4-using T-tropic HIV, which arises late in infection in about 50% of PLWH; and M-

tropic HIV, which arises in some individuals late in infection and in T cell-depleted environments 

(Figure 1.3). 

 

Figure 1.3 M-tropic HIV has efficient entry at the low CD4 density found on macrophages. 
(A) Affinofile cells can express variable concentrations of CD4 and can be used to profile the 
entry capacity of various strains of HIV, which are similar to the high CD4 density on T cells or 

JOSEPH AND SWANSTROM 425

F IGURE 1 M-tropic HIV-1 is efficient at entering cells that express lowCD4 densities. (A) Affinofile cells48 can be induced to express different
CD4 densities, similar to the high level expressed on CD4+ T cells or the low levels expressed on MDM and monocytes. This reagent was used to
examine the ability of Env proteins to facilitate entry into cells expressing lowCD4 relative to their ability to infect high CD4 cells.21 This approach
revealed that both CXCR4-using T cell-tropic variants (B) and CCR5-using T cell-tropic variants (C) are inefficient at entering cells expressing
low levels of CD4 and require high CD4 levels (like those on T cells) for efficient entry. (D) In contrast, M-tropic Env proteins are able to effi-
ciently enter cells expressing low CD4 levels, similar to those found on macrophage, while still being able to infect cells with a high density of CD4
efficiently

to adapt to the local CNS cells that express CD4 (i.e., macrophages

and/or resident microglial cells), even if they express a low density

of CD4. This is the adaptation we measure as the ability of these

viral Env proteins to mediate entry into cells with a low density of

CD4. Thus the presence of M-tropic viruses as a distinct genetic

lineage in the CNS compartment tells us about the target cell composi-

tion in that compartment.

If the evolution of the M-tropic entry phenotype is the result of

a lack of CD4+ T cell targets then this leads to two obvious ques-

tions. First, are there other circumstances outside of the CNS where

the absence of CD4+ T cells leads to the evolution of these variants?

An early observation was that infection of macaques with an SIV/HIV

chimera (SHIV) with an HIV-1 X4-using env gene could lead to a virtu-

ally complete loss of CD4+ T cells yet maintain high viral load; when

tissue was analyzed, it was clear that there was extensive infection of

macrophages.57 Similarly, when macaques were infected after CD4+
T cell depletion there was a high level of infection now focused in

macrophages.58 Although these viruses have not been assessed for a

lowCD4 entry phenotype, it is clear that one can see a shift from infec-

tion of T cells to macrophages as the CD4+ T cell targets are depleted.

Using this logic, we examined the virus in the blood of peoplewith very

lowCD4+T cell counts.While lowCD4+T cell counts in the bloodmay

underestimate the total number of CD4+ T cells in tissue, it is indica-

tive of an immunodeficient state that is typically associated with end-

stage disease. Even in these subjects, we failed to findM-tropic viruses

in the blood although X4 viruses were common, consistent with selec-

tive pressure for alternative cell types (M. Bednar and R. Swanstrom,

in preparation). However, we did see examples of viruses with inter-

mediate M-tropic phenotypes in the blood of these severely immuno-

suppressed people, not the extremes we have observed in the CSF but

with greater ability to infect cellswith lowCD4density than is typically

seen for virus in the blood (M. Bednar and R. Swanstrom, in prepara-

tion). Thus it appears that as CD4+ T cells are lost systemically in the

human infection the virus starts to be exposed to sufficient selective

pressure to begin themove toward becomingM-tropic.

Given the difficulty in finding true M-tropic viruses, it is worth

noting several more examples of their detection. The isolation of

macrophage-tropic virus from the blood has been described,59,60

although the method of phenotyping the virus did not use Affinofile

cells. We have found a single example (to date) of a lineage of virus

in the blood that had a CD4-low entry phenotype50; in this one exam-

ple. we were able to sample virus before and shortly after the person

started therapy and found that both the standard CD4-high (T cell-

tropic) and the unexpected CD4-low (M-tropic) viruses were reduced

equivalently in blood viral load by therapy, indicating both were repli-

cating in short-lived T cells (Joseph and Swanstrom, unpublished data).

Similarly, we have detectedM-tropic virus in the semen of one male.61

We hypothesize that in each of these cases theM-tropic virus evolved
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Figure 1.3 (Continued) the low CD4 density on MDMs or monocytes. (B) These cells were 
used to profile the ability of CCR5-using T cell-tropic (R5 T-tropic), CXCR4-using T cell-tropic 
(X4 T-tropic), and M-tropic HIV to enter Affinofile cells with varying densities of CD4 expression. 
From (Joseph and Swanstrom, 2018) 

 

HIV production in macrophages depends both the ability to enter macrophages, which is 

mainly dependent on CD4 affinity, and macrophage replication capacity (MRC) (Peters et al., 

2008). MRC is dependent not just on entry, but also on successful reverse transcription, 

integration, transcription, translation and assembly. This can depend on whether the virus is 

able to reach the cytosol for reverse transcription, the expression of host restriction factors like 

SAMHD1 that limit the availability of nucleotides for reverse transcription, and the macrophage 

activation state for transcription from the HIV LTR. Thus, it is important to measure both HIV 

entry and replication to understand the fate of different HIV strains in macrophages. 

 
1.5 HIV entry into macrophages 
 

HIV is most often transmitted at mucosal surfaces, including the female genital tract, the 

male genitourinary tract, and GI tract. Pathogens are able to cross mucosal barriers more easily 

through small mucosal lesions that impair the epithelial barrier function, which occur during 

intercourse. CCR5+ memory T cells, macrophages, and dendritic cells are thought to be the first 

immune cells to contact HIV (Koppensteiner et al., 2012). Almost all transmitted-founder HIV 

strains are T-tropic, so their entry into T cells is more efficient than into macrophages; they have 

a weak but variable ability to enter and replicate in macrophages which is comparable to T 

tropic viruses (Ochsenbauer et al., 2012). HIV can also bind to DC-SIGN on dendritic cells 

(DCs) without directly entering the dendritic cell cytosol or infecting the DC, which allows 

infection in trans of CD4+ T cells when the two cells interact (Geijtenbeek et al., 2000). 

Macrophages are likely early HIV targets at mucosal surfaces, whether the contact results in 

infection or archiving of HIV via uptake into virus containing compartments without productive 

infection (Sharova et al., 2005). Macrophages in the vaginal mucosa are more permissive to M-
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tropic HIV infection ex vivo than intestinal macrophages, suggesting that they may be early 

targets of infection (Shen et al., 2009). Urethral macrophages have also been shown to host 

integrated HIV DNA, RNA, proteins, and intact virions, and are able to release replication-

competent HIV when stimulated with LPS, suggesting that they could play a key role in HIV 

transmission (Ganor et al., 2019). In addition to their role in HIV transmission, HIV infected 

macrophages play a large role in the development of HIV-associated dementia (HAD) and HIV-

associated neurocognitive disorder (HAND) (DiNapoli et al., 2016). HAD is associated with HIV 

infection of brain-resident macrophages, including microglia and perivascular macrophages, and 

HIV strains isolated from the CSF are M-tropic (Joseph et al., 2014; Schnell et al., 2011).  

During early HIV infection, when only T-tropic HIV is likely circulating, HIV RNA and DNA 

have been detected in tissue macrophages, especially in the lung. HIV nucleic acids are 

detectable in alveolar macrophages (AMs) in both ART-naïve and ART-treated individuals 

(Clarke et al., 1994b; Clarke et al., 1990b; Cribbs et al., 2015; DiNapoli et al., 2016; Jambo et 

al., 2014b; Landay et al., 1993a; Lebargy et al., 1994a; Nakata et al., 1995b; Sierra-Madero et 

al., 1994a). Estimates of the frequency of detection of HIV DNA inside AMs varies widely, from 

0.002% to 58% (Chayt et al., 1986b; Jambo et al., 2014b; Koziel et al., 1999b; Plata et al., 

1987a). These findings are summarized in Table 1.2. In one study, HIV virions isolated from the 

lung expressed CD14, indicating that they may have been released from monocytes or 

macrophages (Hoshino et al., 2004). Studies in non-human primates (NHPs) also show 

evidence of SIV replication in the lung. In macaques, the lung has been shown to be an early 

site of SIV replication (Santangelo et al., 2015). In pigtail macaques with a similar SIV tempo of 

disease to human HIV infection, about 10% of all SIV RNA+ cells expressed macrophage 

markers and did not express T cell markers (Brown et al., 2007), and in Indian rhesus 

macaques, SIV RNA+ CD163+ lung macrophages were found as early as 10 days after 

infection and made up the majority of SIV+ cells (Li et al., 2015). Thus, HIV and SIV are found in 
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AMs early in infection despite the absence of readily detectable M-tropic circulating HIV, raising 

questions about how HIV enters AMs.  

Table 1.2 Summary of literature on HIV infection rates in alveolar macrophages. (Chayt et 
al., 1986a; Clarke et al., 1994a; Clarke et al., 1990a; Cribbs et al., 2015; DiNapoli et al., 2017; 
Jambo et al., 2014a; Jeffrey et al., 1991; Koziel et al., 1999a; Landay et al., 1993b; Lebargy et 
al., 1994b; Lewin et al., 1998; Nakata et al., 1995a; Plata et al., 1987b; Salahuddin et al., 1986; 
Sierra-Madero et al., 1994b) 

 

The entry of HIV into AMs could occur by cell-free entry, where HIV virions bind the cell 

directly, or through cell-to-cell contact, which has been shown to be more efficient in HIV 

transmission. Both M- and T-tropic HIV strains can infect humanized mice with both 

macrophages and T cells, but in a humanized mouse model with macrophages but no T cells, 

M-tropic, but not T-tropic, HIV established viremia and was detected inside macrophages 

(Honeycutt et al., 2016). In this same mouse model, M-tropic HIV strains rebounded after ART, 

showing that macrophages can serve as a reservoir for M-tropic HIV (Honeycutt et al., 2017). 

While M-tropic HIV can productively infect macrophages on its own, it can productively infect 

MDMs more efficiently through contact with infected T cells (Baxter et al., 2014; Bracq et al., 

2017). The situation with T-tropic HIV, which is more common in vivo, is less well understood. In 

Table 1.2 Summary of literature on HIV infection rates in AMs

First author Year Population Method HIV DNA / 106 cells HIV RNA / 106 cells
% macrophages 
positive for HIV

Patients with 
detectable HIV in 

AMs (%)
Notes

HIV 
detected Total

Chayt 1986
ART naïve with 

PCP/other 

pneumonitis

RNA-ISH on lung tissue 0-1000 0.002-0.1% 4/11 (36.36) 4 11

Salahuddin 1986 ART naïve, AIDS
Reverse transcriptase 

activity
2/4 (50.00) 2 4

Plata 1987 ART naïve, 

asymptomatic
p18 ELISA 12-58% 3/3 (100)

HIV DNA detected by Southern blot in adherent 

BAL cells in 3/3 individuals
3 3

Clarke 1990 ART naïve, 

symptomatic
PCR 21/44 (47.73) 21 44

Jeffrey 1991
ART naïve, 

asymptomatic or 

symptomatic

HIV outgrowth with activated 

blasts
8/18 (38.46) 8 18

Landay 1993 ART naïve with PCP 

or MAI
PCR 0-1840 (mean: 350) 8/14 (57.14) 8 14

Lebargy 1994 ART naïve PCR + 0 7/7 (100)

All samples with negative HIV RNA had 60-

80% of cells expressing p24 and HIV RNA after 

6 days of culture with TNFa and GM-CSF

7 7

Sierra-
Madero 1994 ART naïve

PCR; HIV outgrowth with 

activated blasts
0-300 copies/ug DNA 6/14 (42.86)

AMs have more HIV DNA than blood 

monocytes; outgrowth in AMs from 6/14 

subjects

6 14

Clarke 1994
ART naïve or AZT, 

asymptomatic or 

AIDS

PCR, limiting dilutions

No ART: 1291 in Ad BAL, 

400 in non-ad PBL; AZT: 

198 in Ad BAL, 124 in 

non-ad PBL.

0.01-1% of BAL cells 

(limiting dilution)
78/78 (100)

HIV isolated from some samples by outgrowth; 

median with isolation = 500/10^6 vs. 5/10^6 

copies of HIV DNA in BAL cells without 

isolation. 

78 78

Nakata 1995
ART naïve, no 

pulmonary 

complications

qPCR 0-200 (mean: 39) 6/10 (60)
gp120 sequence more homogeneous in AMs 

than in PB monocytes
6 10

Lewin 1998
ART naïve or ART, 

asymptomatic or 

AIDS

qPCR for RNA and DNA, 

coculture assay

AMs: 30 (0-400); blood 

lymphocytes 3700 (500-

16300)

AMs: 400 (0-1000); blood 

lymphocytes 12500 (500-

800000)

Replication: AMs: 

1/11; DNA in AMs: 

7/10

Similar levels of viral DNA in AMs and blood 

monocytes; low levels of HIV replication despite 

all of the subjects being smokers

7 10

Koziel 1999
ART naïve, 

asymptomatic or with 

PCP

PCR + 0-10% 15/23 (65.22)
higher HIV RNA levels in BALF than serum in 

subjects with active lung disease
15 23

Jambo 2014 ART naïve, 

asymptomatic
FISH 600-3000 1.55% 6/6 (100)

more small alveolar macrophages were 

infected
6 6

Cribbs 2015 ART USA, no 

comorbidities
qPCR + 48-588 16/23 (69.56)

decreased phagocytic index in AMs from pts 

with detectable HIV DNA
16 23

DiNapoli 2017 ART USA, no 

comorbidities
qPCR ~100 (from graph) 1/11 (9.09)

Sorted 1 million AMs per patient, only detected 

HIV DNA in 1/11 AMs and 4/11 BAL CD4 T 

cells (less than 1M T cells/pt)

1 11

Total 188 276
ART naïve 164 232
ART treated 17 34
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monkeys, T-tropic SIV was detected inside macrophages only in the context of rearranged TCR 

DNA and in tissues with high numbers of CD4+ T cells (Calantone et al., 2014). Together, these 

studies suggest that M-tropic HIV can infect macrophages without the help of T cells, although it 

is more efficient when macrophages contact infected T cells. However, no study has shown this 

phenomenon with R5 T-tropic HIV or studied whether this can occur in AMs or other tissue 

macrophages. 

Once HIV enters a macrophage, the infected macrophage may be harder to eliminate 

than an infected CD4+ T cell, and it can pass on HIV to other CD4+ T cells and macrophages. 

HIV-infected macrophages are known to be more resistant to cytopathic effects of HIV (Gartner 

et al., 1986) and cytotoxic effects of CD8+ T cells (Clayton et al., 2018), and have lower levels 

of intracellular antiretrovirals (ART) (Gavegnano and Schinazi, 2009), than infected CD4+ T 

cells. MDMs infected with M-tropic HIV have been shown to transmit HIV to T cells through 

receptor- and Vpr-dependent fusion (Collins et al., 2015; Groot et al., 2008), and can also fuse 

with and transmit M-tropic HIV to other MDMs (Bracq et al., 2017). Once infected, virus can be 

cultured from these macrophages: a viral outgrowth assay amplified replication-competent SIV 

from macaque macrophages which were ART-naïve (Avalos et al., 2016), but not after ART 

treatment (DiNapoli et al., 2017). Macrophages are a long-lived cell type which can harbor 

replication-competent HIV and can transmit HIV through cell-cell interactions. Alveolar 

macrophages are on the front lines of the lung immune system, so understanding how they are 

infected is key to understanding the risk of infections in PLWH. 

 
1.6 The lung immune system 
 

The human respiratory tract is composed of airways that branch into millions of alveoli, 

which are thin-walled, vascularized air sacs and are the site of gas exchange. The 90 m2 

surface area of a healthy adult lung (which is large compared to surface areas of other mucosal 

organs, including 32 m2 for the gastrointestinal tract (Helander and Fandriks, 2014) and 2 m2 for 
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the skin) filters about 8000 liters of air a day, and is continuously exposed to airborne microbes 

and environmental allergens and pollutants (Kopf et al., 2015). The lung has to resist important 

environmental challenges, including an air-liquid interface, exposure to microbial flora, and 

mechanical forces that operate during respiration (Hussell and Bell, 2014). The lung consists of 

three main immunological spaces: the airways, which are lined by ciliated columnar epithelial 

cells and mucus produced by goblet cells; the alveolar space, where gas exchange occurs; and 

the interstitial space, where blood circulation and monitoring of the alveolar space occurs. Many 

potential pathogens and particles are trapped in the airway mucus or are swept upward by cilia, 

where they are disposed by coughing. However, particles of a certain size can travel to the 

alveolar space. 

 The alveolar space contains epithelial cells, which form a single layer border between 

the airspace and interstitium, express pattern-recognition receptors (PRRs) and secrete 

antimicrobial mediators; alveolar macrophages (AMs), which are the main immune cell type in 

the alveolar space, and responsible for disposing of pathogens, dead cells and excess 

surfactant; and dendritic cells (DCs) (Lloyd and Marsland, 2017). Other components of the 

steady state alveolar immune system include surfactant produced by club cells; B cells; T cells, 

including classical T cells, mucosal associated invariant T cells (MAIT cells), regulatory T cells 

(Tregs) and gd T cells; innate lymphoid cells (ILCs); and plasmacytoid dendritic cells. In the 

setting of inflammation, neutrophils, monocytes and monocyte derived macrophages (MDMs) 

are recruited to the interstitium by chemokines secreted by AMs, DCs, and alveolar epithelial 

cells, and some of these recruited cells cross into the alveoli. Effector T cells are also recruited 

to the inflamed lung, and some of these cells differentiate into CD4+ and CD8+ resident 

memory T cells (Trm), which provide rapid protective immune responses against secondary 

infections (Lloyd and Marsland, 2017). After the inflammation subsides, resolution of the 

inflammation is carried out by a combination of M2 polarized macrophages, CD4+ and CD8+ T 
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cells making type 2 cytokines like IL-4, IL-5 and IL-13, and ILC2s that promote clearance of 

apoptotic cells and repair to structural damage (Lloyd and Marsland, 2017). 

 

1.7 Alveolar macrophage (AM) biology 
 

AMs make up 90-95% of the cells in healthy bronchoalveolar lavage fluid (BALF) 

(Srivastava et al., 2014). They originate from fetal monocytes which migrate into the lung in the 

first few days of life (Guilliams et al., 2013), and are able to proliferate once in the tissue 

(Perdiguero and Geissmann, 2016; Perdiguero et al., 2015). AMs are dependent on 

granulocyte-macrophage colony-stimulating factor (GM-CSF) signaling for their development, as 

deficiency in this gene in mice or humans results in a lack of AMs and the condition of 

pulmonary alveolar proteinosis due to deficient clearance of surfactant protein in the lung 

(Guilliams et al., 2013). AMs are longer-lived than other macrophage populations, with a 

turnover of only 40% in 1 year (Murphy et al., 2008). Once in the tissue they are characterized 

by expression of F4/80, CD11c and SiglecF in mice (Lloyd and Marsland, 2017) and by 

expression of CD11b, HLA-DR, CD206, and CD169 in humans (Bharat et al., 2016). 

Alveolar cells are thought to have a tolerogenic and anti-inflammatory bias to avoid 

potentially life-threatening damage to the lung’s ability to perform gas exchange (Morales-

Nebreda et al., 2015). They perform important immune functions, including the clearance of 

dead cells and pathogens by phagocytosis, production of the respiratory burst, proteolysis, and 

antigen presentation to adaptive immune cells (Murphy et al., 2008; Nayak et al., 2016; Russell 

et al., 2009). Elimination of AMs results in increased lung inflammation (Thepen et al., 1989). 

This phenotype is driven in part by receptors on AMs like the CD200 receptor, signal-regulatory 

protein-a, and the mannose receptor, which all inhibit macrophage activation in response to 

signaling from alveolar environmental signals (Hussell and Bell, 2014), and communication 

between AMs and epithelial cells via calcium waves to reduce inflammatory signaling 
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(Westphalen et al., 2014). This anti-inflammatory phenotype helps protect the delicate lung 

tissue and maintain organ function. 

Although AMs play an anti-inflammatory role at baseline, they can switch to a more 

inflammatory state in the setting of injury or pathogen exposure. When AMs lose exposure to 

these regulatory ligands and are exposed to signaling through pattern recognition receptors like 

TLRs and cytokines like TNF, IL-1, GM-CSF, and IFN-g, they can become activated and obtain 

a greater phagocytic capacity, increased pro-inflammatory cytokine production, and a higher 

oxidative burst (Hussell and Bell, 2014). AMs clear dead or dying cells through efferocytosis, 

and whether the cells are apoptotic or necrotic helps determine whether AMs receive anti- or 

pro-inflammatory signals during this process. However, AMs can go through a resolution phase 

after acute inflammation that impairs their ability to kill bacteria. There is increased susceptibility 

to bacterial infections in people with influenza, asthma, COPD, and respiratory syncytial virus 

(RSV), which may be due to a combination of blunting of AM function, loss of epithelial integrity, 

or other processes involved in lung repair (Habibzay et al., 2013). AMs are capable of 

responding to microbial ligands, damage associated signals, and cytokines and chemokines to 

address insults to the lung tissue. 

 
1.8 Lung recruited macrophages (RMs) 

 

While AMs can increase their own antimicrobial capacity in the setting of inflammation, 

they also coordinate other elements of the immune response as needed. In non-inflamed 

tissues, available niches are replete with macrophages and DCs, and it is difficult to detect 

physiological trafficking of transferred monocytes (Shi and Pamer, 2011). However, in the 

setting of inflammation, chemokines increase recruitment of monocytes to the lung, which can 

then differentiate into macrophages and dendritic cells (Wu et al., 2016). In humans, there are 

two main subsets of monocytes in the bloodstream: the classical or inflammatory monocyte 
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(90% of circulating monocytes), which is CD14hiCD16lo and expresses high levels of CCR2 and 

low levels of CX3CR1; and the nonclassical monocyte (10% of circulating monocytes), which is 

CD14loCD16hi and expresses low levels of CCR2 and high levels of CXC3R1 (Srivastava et al., 

2014). Classical monocytes make up the majority of monocytes recruited to the lung during 

inflammation. By 10 days after arrival in the lungs, some monocytes maintain an activated 

monocyte phenotype, but others differentiate into recruited immature macrophages (RMs) and 

DCs (Skold and Behar, 2008).  

RMs in the alveolar space are thought to have a shorter life span and more pro-

inflammatory profile than AMs. AMs are joined in the setting of inflammation by RMs, which can 

take on some, but not all, properties of tissue-resident AMs once exposed to the lung 

microenvironment (Lavin et al., 2014). RMs are recruited in response to CCL2 among other 

monocyte chemoattractant proteins. MDMs, which can mimic RMs depending on their 

environment, have been differentiated from monocytes using a wide variety of conditions 

throughout the literature, but are generally transcriptionally distinct from tissue macrophages 

such as AMs (Xue et al., 2014). Lung RMs upregulate CD11c, MHC class II and MAC-3, also 

known as complement receptor 3 (Skold and Behar, 2008). Compared to AMs, MDMs 

differentiated in vitro have a reduced ability to phagocytose apoptotic cells (Roberts et al., 2017) 

and have greater expression of inflammatory signaling pathways (Xue et al., 2014). Lung RMs 

also are thought to have a shorter lifespan than AMs and can persist in the lung for up to 14 

days after influenza infection or LPS-induced acute lung injury, compared to as long as 5-8 

months for AMs (Janssen et al., 2011). In this study, RMs were cleared by Fas-driven apoptosis 

starting more than a week after infection while AM numbers remained constant (Janssen et al., 

2011). These pro-inflammatory cells may have differential ability to control intracellular 

pathogens like Mtb. 
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1.9 The impacts of HIV on the lung 
 

The lung is an early site of HIV and SIV replication in humans, humanized mice and 

NHPs (Barber et al., 2006; Corleis et al., 2019; Kalsdorf et al., 2013; Santangelo et al., 2015; 

Wood et al., 2003). HIV impacts many different components of the lung immune system, from 

barrier function to innate and adaptive immunity, in ways that lead to increased susceptibility to 

pulmonary infections. 

HIV decreases lung barrier and innate immune defenses against pathogens. The lower 

airways have protective secretions including lysozyme, defensins, and collectins, including 

surfactant proteins A, B, C and D and mannose-binding lectin. Patients with HIV and 

Pneumocystis pneumonia (PCP) co-infection have higher levels of surfactant A and D than 

controls or people with acute respiratory distress syndrome (Schmidt et al., 2006), and 

surfactant protein A is increased in the lungs of people with untreated HIV and facilitates 

attachment of Mtb to AMs (Downing et al., 1995). Neutrophil function is altered by HIV to be 

more activated at baseline, and neutrophils have accelerated apoptosis, impaired chemotaxis, 

impaired bactericidal activity and decreased superoxide production in PLWH (Shellito, 2004; 

Staitieh et al., 2017). There are also important HIV-induced defects in AM function, which are 

discussed in more depth later in this introduction. 

Untreated HIV is also associated with impaired cell-mediated immunity. Lung interstitial 

CD4+ T cells are depleted in early infection (Corleis et al., 2019). However, CD4+ T cells in 

bronchoalveolar lavage (BAL), which samples the alveolar space, are not depleted in untreated 

early infection, because there is an influx of HIV-specific CD4+ T cells to this compartment 

(Brenchley et al., 2008). CD8+ T cells are increased in the alveolar space, driven by HIV-

specific CD8+ T cells to create a CD8+ T cell alveolitis which is associated with poor outcomes 

(Neff et al., 2015). HIV-specific CD4+ and CD8+ T cells also have higher PD-1 expression than 

their counterparts in the bloodstream, suggesting that they have decreased functional capacity 

(Neff et al., 2015). Many of these perturbations are reversed in with ART; HIV viral load is 
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reduced, and there is a resolution of the CD8+ T cell alveolitis and a decrease in many of the 

inflammatory cytokines found in untreated HIV (Cribbs and Fontenot, 2016). However, there is 

still an increased risk for bacterial pneumonia, TB and many noninfectious lung diseases, 

suggesting that ART does not completely reverse the impact of HIV on the innate and adaptive 

immune system in this compartment. 

 
1.10 Immune control of Mycobacterium tuberculosis (Mtb) 
 

Genetic, pharmacological, and disease studies in humans have shown multiple 

mechanisms that lead to increased susceptibility to mycobacterial infection. Studies in mice 

have determined that CD4 T cells are critical to immunity to Mtb, and that the three most 

relevant defenses against Mtb are tumor necrosis factor (TNF-α) (Flynn et al., 1995), interferon 

(IFN)-γ and nitric oxide synthase (MacMicking et al., 1997). In humans, some of these factors 

have been validated, including CD4+ T cell depletion, which occurs in HIV infection; TNF-α 

depletion, which can be decreased with anti-TNF antibody therapy for autoimmune diseases 

(Keane et al., 2001); and mutations in IFN-γ production or signaling, as in Mendelian 

Susceptibility to Mycobacterial disease (MSM) (Bustamante et al., 2014). In addition to these 

pathways, a type I interferon signature is associated with active TB (Mayer-Barber et al., 2014), 

defects in autophagy (IRGM) (Singh et al., 2006) and reactive oxygen species production 

(gp91phox) (Bustamante et al., 2011) lead to increased Mtb susceptibility. Vitamin D deficiency 

decreases macrophage antimycobacterial defense through the antibacterial peptide cathelicidin, 

also known as LL-37 (Liu et al., 2006). 

In addition to recruiting other cells to the lung, AMs make up a large percentage of the 

early Mtb-infected cell population in the lung (Cohen et al., 2018; Wolf et al., 2007), and provide 

an early permissive niche for intracellular Mtb growth (Cohen et al., 2018; Huang et al., 2018). 

However, there is evidence that they can both increase and decrease Mtb growth in the lung. 

Depletion of AMs leads to decreased Mtb growth in mice (Leemans et al., 2001) while depletion 
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of only activated AMs leads to increased bacterial growth in mice infected with Mtb (Leemans et 

al., 2005). After infection with Mtb, murine AMs relocate from the alveolar space to the lung 

interstitium (Cohen et al., 2018), where they can transfer the bacteria to other macrophages 

(Cambier et al., 2017; Cambier et al., 2014b). LL-37 is known to increase macrophage killing of 

Mtb through induction of autophagy (Yuk et al., 2009). In a study of human AMs, MDMs and 

blood monocytes infected with Mtb H37Rv, the percentage of cells producing LL-37 was highest 

among AMs, was lower among MDMs and barely detectable among monocytes (Rivas-Santiago 

et al., 2008). The ability of AMs to serve as hosts for or to eliminate these intracellular bacteria 

may shape the outcome of Mtb infection. These mechanisms are mostly dependent on T cell or 

macrophage-intrinsic mechanisms. However, the role of differential cell composition in the lung 

on TB acquisition and susceptibility has not been well explored in human or model systems. 

 

1.11 HIV-induced mechanisms of Mtb susceptibility 
 

CD4+ T cell depletion is the strongest risk factor for progression to active TB in PLWH 

(McShane, 2005) and CD4+ T cells are depleted in the lung parenchyma in HIV (Corleis et al., 

2019). CD4+ T cell depletion due to SIV infection is also associated with latent TB 

dissemination beyond the lung in cynomolgous macaques (Corleis et al., 2019; Diedrich et al., 

2010). Beyond CD4+ T cell depletion, HIV may induce changes in the function and frequency of 

Mtb-specific CD4+ T cells in the lung (Bunjun et al., 2017). HIV infection also affects the number 

and function of CD4+ T cells in granulomas, which may be linked to the increased amount of TB 

dissemination to extrapulmonary sites seen in HIV infection (Diedrich and Flynn, 2011). 

AMs are the first cell on the front lines of the defense against Mtb, bacterial pneumonia, 

and PCP, and there has been evidence for particular changes in AM function in HIV. These 

mechanisms include reducing delivery of Mtb to acidified endosomes (Deretic et al., 2004; 

Mwandumba et al., 2004), impairing phagocytic activity (Kedzierska et al., 2003; Koziel et al., 
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1998), inducing telomerase function in a way that could decrease cell death (Reynoso et al., 

2012), and impairing Mtb-mediated apoptosis (Patel et al., 2009; Patel et al., 2007). In MDMs, 

HIV-induced changes that could lead to increased Mtb growth include inhibiting phagocytosis 

(Mazzolini et al., 2010), blocking TNF-mediated Mtb killing (Imperiali et al., 2001) and inducing a 

type I interferon response (Deshiere et al., 2017). Several studies found that AM defects 

correlated with decreasing CD4+ T cell count: AMs from people with untreated HIV had a defect 

in producing an oxidative burst that was more pronounced with a lower CD4+ count (Koziel et 

al., 2000), and also had increased Histoplasma capsulatum intracellular growth most notable in 

people with low CD4+ T cell counts (Chaturvedi et al., 1995). AMs infected in vitro with M-tropic 

HIV (BaL) had increased intracellular growth of Cryptococcus neoformans without any change 

in fungal uptake (Ieong et al., 2000). Overall, the impact of HIV on AM control of Mtb still needs 

to be elucidated. 

 

1.12 Beta chemokines in HIV and TB 
 

Multiple beta chemokines are elevated in the serum of viremic PLWH, among them 

CCL2 (MCP-1), CCL3 (MIP-1α), CCL4 (MIP-1b), and CCL5 (RANTES) (Weiss et al., 1997). 

CCL2, alone among beta chemokines, is upregulated in the CSF of people with HIV encephalitis 

(Conant et al., 1998). The degree of CCL2 in the serum of PLWH is positively associated with 

degree of viremia (Ansari et al., 2006; Weiss et al., 1997). The source of the observed increase 

in CCL2 may include other cytokines (secondary to HIV sensing by other cells) or direct sensing 

of HIV elements by monocytes or macrophages. In vitro, CCL2 production can be induced by 

ligands including LPS, LTA, IL-1, TNF, GM-CSF, IFN-g, LTA, and IL-6 (Biswas et al., 1998; 

Colotta et al., 1992), many of which are elevated in the serum of PLWH. Several studies show 

that HIV can directly induce CCL2 transcription in monocyte derived macrophages (MDMs) 

(Fantuzzi et al., 2001; Fantuzzi et al., 2008; Mengozzi et al., 1999; Wetzel et al., 2002). In 
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rhesus macaques infected with simian humanized immunodeficiency virus (SHIV), CCL2 

production was associated with increased lung pathology and high viral load, and the major 

producers of CCL2 in the lungs were SHIV infected macrophages (Sui et al., 2005). Taken 

together, it is clear that CCL2 is associated with HIV progression and that it can be induced by 

HIV, but it is not clear whether this leads to increased monocyte and recruited macrophage 

infiltration in the lungs of PLWH, and what impact this may have on Mtb acquisition and 

susceptibility. 

CCL2 has been shown to be important in control of Mtb infection. CCL2 levels are 

increased in many compartments of people with TB, including pleura, bronchoalveolar lavage 

fluid (BALF), lung, alveolar macrophages, plasma, PBMCs, and cerebrospinal fluid (CSF) 

(Saunders and Britton, 2007). CCL2 levels are elevated in pleural fluid of HIV-TB co-infected 

subjects as well (Mayanja-Kizza et al., 2009; Toossi et al., 2001). A CCL2 polymorphism in 

humans that increases its production is associated with increased susceptibility to active TB 

infection (Flores-Villanueva et al., 2005). The proposed mechanism of the CCL2-induced 

susceptibility to Mtb infection in some studies is that CCL2 decreases macrophage production of 

IL-12p40, decreasing the efficacy of the Th1 response (Flores-Villanueva et al., 2005), and 

increases expression of MMP-1, leading to increased tissue damage (Ganachari et al., 2012). 

However, no one has investigated whether an increase in CCL2 in humans leads to an increase 

in RIM infiltration in the lungs, and whether this may contribute to Mtb susceptibility.  

There is also evidence that Mtb itself induces CCL2 in monocytes and macrophages, 

and that this leads to worse outcomes for the host. The virulence of certain strains of Mtb, 

especially the W-Beijing strains, which have a cell wall component phenolic glycolipid (PGL), is 

associated with increased CCL2 production in mice (Ordway et al., 2007). Infection with Mtb or 

exposure to Mtb components induces CCL2 production in mouse bone marrow-derived 

macrophages and human monocytes and alveolar macrophages, and induces CCL2-specific 

migratory activity in monocytes and lymphocytes (Sadek et al., 1998; Scott and Flynn, 2002). In 
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zebrafish infected with Mycobacterium marinum, PGL-expressing strains induce increased 

quantities of CCL2, which recruits monocytes through CCR2, resulting in increased 

mycobacterial growth (Cambier et al., 2014a). Critically, addition of exogenous CCL2 at the site 

of infection increased the number of mycobacterial acquisition events (Cambier et al., 2014a). 

CCL2 in Mtb infected mice recruits CD11b+Gr1int inflammatory monocytes that are more 

permissive to Mtb growth (Antonelli et al., 2010). 

 

Figure 1.5 Distribution of Mtb-GFP infected cells in myeloid cells from the mouse lung. 
From (Wolf et al., 2007). mDC, myeloid dendritic cell; AM, alveolar macrophage; RM, recruited 
macrophage; Mono, monocyte; Neut, neutrophil. 
 

RMs increase 40-fold in the mouse lung in response to aerosol infection with Mtb (Wolf 

et al., 2007), and depend on CCR2 for their accumulation in the lungs (Peters et al., 2001). 

Experiments with GFP-expressing Mtb infection in mice revealed that monocyte derived DCs 

comprise a large proportion of infected cells, and RMs represent a larger proportion of cells 

infected with Mtb than AMs by 19 days post infection, which suggests that they are an important 

determinant of the fate of infection (Figure 1.5) (Wolf et al., 2007). RMs are more susceptible to 

Mtb infection than AMs (Antonelli et al., 2010), and may be an important determinant of the fate 

of infection. 

In murine models, while lack of CCL2 leads to worse TB outcomes, overexpression of 

CCL2 also leads to worse TB outcomes, which is consistent with the human data. CCL2 

anti-IL-4 were purified using a CD4! isolation kit and an autoMACS ma-
chine, added to the CIITA-RAW cells at 2 " 105 in complete medium, and
incubated at 37°C and 5% CO2 for two days. Supernatants were harvested
and assayed in triplicate using ELISA with anti-mouse IFN-! Abs (BD
Biosciences), and absorbance was read on a microplate reader (Bio-Tek
Instruments).

Statistical analysis

Statistical comparison of the number of bacteria per cell in myeloid DCs
and recruited macrophages was performed by the Mann-Whitney U test
and a comparison of the number of DCs and bacteria in lymph nodes of
wild-type and plt/plt mice was performed by unpaired Students’ t test, both
using both Prism 4 for Macintosh (version 4.0a) from GraphPad Software.

Results
Flow cytometry detection of Mtb-infected cells from mouse
tissues

To identify, characterize, and quantitate Mtb-infected cells in a
temporal fashion during infection, we performed flow cytometry
analysis on the lungs of mice infected with Mtb constitutively
expressing GFP (Mtb-GFP). We first confirmed the specificity of
detection by determining that green fluorescent events were de-
tected in cells from mice infected with Mtb-GFP but not in cells
from mice infected with wild-type Mtb (Fig. 1A). To confirm that

FIGURE 3. Distribution of Mtb-GFP infected cells in the CD11c/CD11b-defined leukocyte subsets of the lung and mediastinal lymph node. A and D,
Percentage of GFP! cells that fall within each of the subsets of leukocytes in the lung (A) and mediastinal lymph node (D) during the course of infection.
B and E, Flow cytometry dot plot of the distribution of GFP! cells in the lung (B) and mediastinal lymph node (E) at day 28 postinfection on a plot of
CD11c vs CD11b. The gates represent the subsets of APCs identified in each tissue based on the surface expression of CD11c and CD11b. Fewer than 5%
of the CD11c! cells in the lungs expressed either CD3 or CD8", and Mtb-GFP were not detected in any CD11c!CD3! or CD11c!CD8"! cells (not
shown). The numbers in the gates represent the percentage of GFP! displayed in that gate. C and F, The total number of infected cells within the leukocyte
subsets in the lung (C) and mediastinal lymph node (F) during the first 4 wk of infection. The total number of infected cells in each subset was determined
by multiplying the percentage of the total cells that are GFP! within each subset as determined through flow cytometry by the total number of cells isolated
from the tissue at each time point. Data shown are mean # SD for five mice per time point. mDC, Myeloid DC; RM, recruited interstitial macrophage;
AM, alveolar macrophage; Mono, monocyte; Neut, neutrophil.

Table I. Percentage of cells in each cell subset from the lungs that are GFP! over the course of infectiona

Dendritic Cells
Alveolar

Macrophages
Recruited

Macrophages Monocytes Neutrophils

14 1.89 # 0.99 0.77 # 0.21 0.63 # 0.28 0.11 # 0.07 1.26 # 0.77
19 10.14 # 0.84 2.07 # 0.36 4.88 # 1.32 1.21 # 0.41 9.09 # 2.09
21 16.2 # 1.82 4.09 # 0.97 7.86 # 2.71 2.76 # 1.32 12.86 # 3.62
28 15.63 # 2.95 2.79 # 0.4 6.82 # 2.13 1.91 # 0.43 3.52 # 0.57
a Results shown are mean # SD from analysis of five mice.
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knockout mice show a transient increase in bacterial growth but no change in mortality when 

infected with Mtb (Kipnis et al., 2003). CCR2 knockout mice have decreased macrophage 

recruitment to the lungs but no defect in bacterial control or survival when challenged with low-

dose Mtb (Scott and Flynn, 2002); however, in a high-dose challenge, the mice show increased 

mortality and a 100-fold increase in Mtb numbers in the lungs, and have defects in recruitment 

of monocytes, dendritic cells and T cells to the lung and defects in granuloma formation 

compared to wildtype mice (Peters et al., 2001). Mice with constitutive upregulation of CCL2 

have a 0.5 to 1.5 log higher Mtb burden (Rutledge et al., 1995), suggesting that the CCL2/CCR2 

axis needs to be tightly regulated for optimal control of Mtb. 

In summary, HIV infection leads to an increased risk for pulmonary infections and 

complications, which is likely driven in part by HIV-associated AM dysfunction. HIV is detectable 

in AMs but the tropism and mechanism of entry of HIV in AMs is not understood. In addition, the 

impacts of HIV on AM control of Mtb are also uncertain. This thesis is focused on understanding 

the mechanisms of HIV entry into AMs and the impacts of HIV on macrophage ability to control 

intracellular Mtb growth.  

 

 

 
  



 26 

 

Chapter 2: T-tropic HIV efficiently infects alveolar macrophages through contact with 
infected CD4+ T cells 
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2.1 Summary 
 

Alveolar macrophages (AMs) are the most abundant cell type in the lung air space and 

are a primary line of defense against airborne pathogens. AMs from people with untreated HIV 

have impaired function which is believed to contribute to the increased susceptibility to 

pulmonary infections seen in this population. The lung is an early site of HIV replication and 

HIV-1 RNA and DNA have been detected in AMs in the initial stages of infection. However, in 

the vast majority of individuals, circulating HIV during acute and chronic infection is T cell-tropic 

(T-tropic). T-tropic HIV enters macrophages inefficiently in vitro; the mechanism of entry of HIV 

into AMs remains unknown. We performed bronchoscopy in HIV-infected antiretroviral therapy 

(ART)-naïve subjects and uninfected control subjects living in South Africa. We isolated primary 

HIV envelope RNA sequences from AMs and plasma and cloned these Env isolates into an HIV 

backbone to produce replication-competent virus. Primary HIV isolates from AMs and plasma 

were T-tropic and replicated inefficiently in cell-free infection of monocyte-derived macrophages 

(MDMs), but were able to infect macrophages via a mechanism that required contact with HIV-

1-infected CD4+ T cells. Co-culture of T-tropic HIV-infected CD4+ T cells with MDMs or AMs 

resulted in productive HIV- infection that was blocked by a reverse transcriptase inhibitor, 

indicating ongoing viral replication. By 14 days after infection, T-tropic HIV was transmitted from 

infected CD4+ T cells to the AM cytosol, and HIV was found mainly within AMs, but not in T 

cells. We conclude that AM-derived HIV isolates are T-tropic and can enter macrophages 

through contact with infected CD4+ T cells, which results in productive HIV infection of AMs. 

CD4+ T cell-dependent entry into AMs is thus a route of infection that may explain the presence 

of HIV in AMs despite inefficient cell-free infection, and may be an important contributor to the 

AM dysfunction seen in people living with HIV. 

 
2.2 Background 
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People with untreated HIV are at increased risk of pulmonary infections with 

mycobacteria and other bacteria, viruses, and fungi (Afessa et al., 1998; Hirschtick et al., 1995; 

Sonnenberg et al., 2005). The main line of defense against infections in the lung are alveolar 

macrophages (AMs), which comprise the vast majority of immune cells in the alveolar space 

(Murphy et al., 2008; Nayak et al., 2016). AMs from people with untreated HIV are 

dysfunctional, with impaired phagocytic activity (Kedzierska et al., 2003; Koziel et al., 1998; 

Mazzolini et al., 2010), proteolytic activity (Jambo et al., 2014b), and bacterial killing (Reardon et 

al., 1996). This dysfunction may be due in part to HIV infection of AMs. The lung is an early site 

of HIV and SIV replication in humans, humanized mice and non-human primates (NHPs) 

(Barber et al., 2006; Corleis et al., 2019; Kalsdorf et al., 2013; Santangelo et al., 2015; Wood et 

al., 2003). HIV nucleic acids are detectable in AMs in both antiretroviral (ART)-naïve and treated 

individuals (Clarke et al., 1994b; Clarke et al., 1990b; Cribbs et al., 2015; Jambo et al., 2014b; 

Landay et al., 1993a; Lebargy et al., 1994a; Nakata et al., 1995b; Sierra-Madero et al., 1994a). 

Thus, HIV is found in the lung and in AMs early in the course of HIV infection. However, the vast 

majority of HIV in acute and chronic infection is T-tropic (Arrildt et al., 2015; Brumme et al., 

2005), including HIV isolated from BAL (Heath et al., 2009). T-tropic HIV strains enter 

monocyte-derived macrophages (MDMs) very inefficiently (Joseph et al., 2014), and replicate 

poorly in these cells over time (Gartner et al., 1986). The mechanism of entry of HIV into AMs 

remains incompletely understood. To understand the route of entry of HIV into AMs, it is 

important to look at the tropism of the virus inside AMs, which has not been done to date.  

Evidence from humanized mice and NHPs infected with T-tropic HIV or SIV shows 

detectable virus in tissue macrophages which is dependent on the presence of T cells 

(Honeycutt et al., 2017; Honeycutt et al., 2016). Prior studies suggest that while cell-free M-

tropic HIV can infect macrophages, this virus can infect MDMs more efficiently through contact 

with infected T cells (Baxter et al., 2014; Bracq et al., 2017). These studies showed that MDMs 

preferentially engulf HIV infected T cells (Figure 2.1), and that the transmission of M-tropic HIV 
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from CD4+ T cells to MDMs was dependent on macrophage expression of CD4 and CCR5 

(Baxter et al., 2014). T-tropic HIV transmission to macrophages through T cells has not been 

shown in a controlled environment where HIV tropism is known, and it is not known whether the 

macrophages are productively infected. In addition, HIV transmission through T cells has not 

been studied in human AMs, which may have different interactions with CD4+ T cells than 

MDMs. 

 

Figure 2.1 MDMs selectively phagocytose M-tropic HIV-infected CD4+ T cells (Baxter et 
al.). Using ImageStream, the authors showed that MDMs engulf Gag+ and dying CD3+ T cells 
at a higher rate than healthy non-infected T cells. The authors combined three different staining 
methods for cell death: Casp3, caspase 3; LD, live-dead stain; PS, phosphatidylserine stain. 
Figure from (Baxter et al., 2014)  

 

In this chapter, we provide evidence that AM-derived HIV isolates are T-tropic and can 

efficiently infect macrophages through contact with infected CD4+ T cells, which results in 

productive HIV infection of AMs. Therefore, CD4+ T cell-dependent infection of AMs is thus a 

route of infection that may explain the presence of T-tropic HIV in AMs despite inefficient cell-free 

infection. 

 

2.3 Results 
 
2.3.1 HIV can be detected in AMs from individuals with untreated HIV  
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Figure 1. Macrophages Capture and Engulf HIV-1-Infected T Cells
(A) Time-lapse sequence of HIV-1-NL4.3-GFP-infected Jurkats mixed with MDM. Infected T cells are labeled 1, 2, and 3 in the engulfment order. Scale bar 10 mm.

Time shown as hh:mm:ss. See Movies S1, S2, and S3.

(B) Experimental strategy for isolation, infection, coculture, and analysis of primary donor cells.

(C) ImageStream images of pre-coculture primary HIV-1+ CD4+ T cells selected for focus, size, and aspect ratio labeled for the phenotypes analyzed: CD3 (T

cells, blue), Gag (green), Caspase3 (early apoptosis, red), or live/dead (LD, late apoptosis/necrosis, orange), and all channels merged with and without

brightfield (BF).

(D) ImageStream images of MDMs associated with T cells selected for focus, MDMs based on size and aspect ratio, then CD3+ labeling from 5 3 104 total

acquired events showing single engulfed T cells labeled for the different phenotypes analyzed.

(legend continued on next page)
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To determine the levels of HIV nucleic acids in AMs from HIV-infected individuals, we 

performed bronchoscopy with BAL in a cohort of HIV-infected and uninfected subjects from 

Cape Town, South Africa (Table 2.1 and Table A1 in the appendix). Participants in this cohort 

all had latent tuberculosis, and the HIV-infected subjects were ART-naïve. 

Table 2.1 Characteristics of the Cape Town cohort (median (interquartile range)). All subjects 
were antiretroviral therapy-naïve and tested positive for tuberculosis (TB) by QuantiFERON TB 
Gold test without clinical symptoms of active TB. BAL, bronchoalveolar lavage; AM, alveolar 
macrophage. For more information, see Table A1 in the Appendix. 

 

 

AMs were purified from BAL, and RNA and DNA were isolated from 1 million adherent 

BAL cells per subject. We used primer sequences for a conserved region of HIV Gag for 

quantification of viral RNA and DNA copies, and detected HIV Gag RNA in AMs from 4/11 

(36.4%) subjects and HIV Gag DNA in AMs from 5/11 (45.5%) subjects (Figure 2.2A, C). To 

validate our assay, we also performed Gag qPCR for CD4+ T cells isolated from PBMCs from 

HIV-infected individuals in a separate cohort with matched plasma viral loads and CD4+ T cell 

counts, as well as HIV-uninfected controls (Figure 2.2B, D). In these subjects, HIV RNA was 

detectable in CD4+ T cells from 10/20 (50%) HIV-infected, untreated subjects, and HIV DNA 

was detectable in CD4+ T cells from 16/20 (80%) of these subjects. The levels of HIV RNA and 

Values are expressed as median with interquartile range. Statistical analysis was performed with Mann-
Whitney test. 
ap<0.05 compared to HIV-uninfected 
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DNA per million cells in AMs were not significantly different than those in blood CD4+ T cells. 

While HIV RNA was not detected in all individuals (Table A2 in the Appendix), HIV RNA levels 

in AMs were positively correlated with plasma viral load (Spearman correlation, r = 0.8232, p = 

0.0028, Figure 2.2E). This data shows that a significant number of HIV-infected individuals 

harbor AMs with detectable HIV RNA and DNA.  

 

Figure 2.2 HIV RNA and DNA can be detected in AMs from people with untreated HIV. (A-
D) HIV Gag RNA and DNA are detectable in alveolar macrophages (AMs) from individuals with 
untreated HIV infection. (A) HIV Gag RNA or (C) DNA copies per cell by qRT-PCR in AMs from 
the Cape Town cohort. Dashed lines denote the limit of detection for the assay, and negative 
values are plotted at 50% of the limit of detection. (B) HIV Gag RNA or (D) DNA copies per cell 
by qRT-PCR in CD4+ T cells from HIV-infected untreated individuals matched to the AM donors 
shown in Figure 1. (E) Log10HIV RNA per 106 AMs is plotted against log10plasma viral load in 
HIV-infected AM donors. Statistics are from the Spearman test. 
 
2.3.2 Cell free T-tropic HIV inefficiently enters and replicates in MDMs and AMs  
 

HIV entry is primarily dependent on expression of CD4 and the coreceptors CCR5 and 

CXCR4. We measured the expression of these receptors on AMs, MDMs, monocytes, BAL 
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CD4+ T cells, and blood CD4+ T cells by flow cytometry in a separate cohort of HIV-uninfected 

people recruited in Boston, MA, USA. A lower percentage of AMs expressed the HIV receptor 

CD4 than MDMs or monocytes, the coreceptor CCR5 compared to MDMs or BAL T cells, and 

the coreceptor CXCR4 than BAL T cells (Figure 2.3). This suggests that a lower percentage of 

AMs express HIV receptors and coreceptors than BAL T cells, the other main HIV target cell in 

the alveolar space. 

 

Figure 2.3 AMs have lower expression of CD4, CCR5 and CXCR4 than MDMs or BAL T 
cells. (A) CD4, (B) CCR5, and (C) CXCR4 were stained by flow cytometry and gated using 
fluorescence minus one controls on AMs, MDMs, and BAL T cells. n=13 for AMs and BAL T 
cells; n = 6 for MDMs, Kruskal-Wallis test with Dunn’s multiple comparisons test.  
 

Since most circulating HIV in acute and chronically infected individuals is T-tropic (Arrildt 

et al., 2015; Brumme et al., 2005), we compared the entry and replication capacity of T-tropic 
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and M-tropic HIV in AMs from HIV-uninfected individuals. We used a beta-lactamase (BLaM)-

Vpr reporter assay (Cavrois et al., 2002) to quantify HIV fusion rates using representatives of 

the three major classes of HIV strains by tropism: CCR5-using T-tropic (JR-CSF), CXCR4-using 

T-tropic (NL4-3), and CCR5 and CXCR4-using M-tropic HIV (89.6). AMs showed no significant 

entry of the CCR5-using T-tropic HIV strain JR-CSF or the CXCR4-using T-tropic HIV strain 

NL4-3 (Figure 2.4A, B). The M-tropic HIV strain 89.6, in contrast, entered both AMs and BAL 

CD4+ T cells (Figure 2.4C). The CCR5 inhibitor maraviroc (MVC) blocked entry of the CCR5-

using JR-CSF in BAL T cells, but did not block entry of 89.6, which can use either CCR5 or 

CXCR4 as coreceptors (Figure 2.4A, C). The CXCR4 inhibitor AMD3100, on the other hand, 

blocked entry of the CXCR4-using strain NL4-3 but not 89.6 (Figure 2.4B). Together, this data 

confirms that both CCR5-using and CXCR4-using T-tropic HIV strains do not enter AMs or 

MDMs efficiently, while M-tropic HIV can enter AMs. 
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Figure 2.4 HIV entry assays show the entry capacity of representatives of the three major 
tropism groups of HIV. (A, B, C) Viral entry was detected following infection with BLaM-Vpr 
constructs of (A) JR-CSF, (B) NL4-3 and (C) 89.6 for 12 hours, after pre-treatment for 1 hour 
with 40 µM of the CCR5 entry inhibitor maraviroc (MVC), 250 nM of the CXCR4 entry inhibitor 
AMD3100 (AMD) or DMSO control, at an MOI of 1 for 12 hours. HIV entry was detected by 
cleavage of a fluorescent probe and measured by flow cytometry. Wilcoxon matched-pairs test. 
 

Having established low entry capacity of T-tropic HIV into macrophages, we investigated 

whether T-tropic and M-tropic HIV can replicate in macrophages and CD4+ T cells. As 

expected, T-tropic HIV replicated in CD4+ T cells but not MDMs or AMs (Figure 2.5A), while M-

tropic HIV replicated in CD4+ T cells, MDMs, and AMs (Figure 2.5B). In fact, the levels of HIV 

in the supernatant of MDMs infected with T-tropic JR-CSF decreased over time, potentially due 

to cell death. These experiments show that a small fraction of AMs express HIV receptors and 
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coreceptors, and show that HIV fusion and replication were not detectable in vitro when 

exposed to T-tropic HIV strains similar to those that predominate in early stages of infection.  

 

 
Figure 2.5 T-tropic HIV replicates in CD4+ T cells but not MDMs or AMs. (A, B) CD4+ T 
cells, MDMs and AMs were infected with replication-competent JR-CSF (A) or 89.6 (B) at an 
MOI of 0.2 for 12 hours. p24 levels in the supernatant were measured by ELISA and normalized 
to input at day 1. n = 11 for T cells, n = 12 for MDMs, and n = 6 for AMs. Statistics were done by 
Kruskal-Wallis tests with Dunn’s multiple test correction. 
 

2.3.3 Sequencing of AM- and plasma-derived HIV reveals variable compartmentalization 
and coreceptor usage 
 

Given the replication of M-tropic but not T-tropic HIV in AMs, we investigated the tropism 

of HIV Env RNA isolated from AMs and plasma from the same individuals. We isolated and 

sequenced the HIV envelope (Env) gene in RNA derived from AMs (27 isolates), BAL fluid (19 

isolates), and plasma (21 isolates) from three HIV-infected ART-naïve individuals (Figure 2.6). 

Mutations in the various sequences in the tree are visualized in the Appendix (Figure A1). 

These sequences clustered by HIV-infected donor, not by replication site. Compartmentalization 

testing by the Hudson, Slatkin and Maddison (HSM) test showed no compartmentalization when 

all AM-derived isolates were compared to all plasma-derived isolates (Table 2.3). Within each 

donor, there was variable compartmentalization. Donor 1, with a plasma viral load (pVL) of 

14,100 copies/mL, showed complete compartmentalization (p < 0.0001) and donor 3 with a pVL 

of 18,797 copies/mL showed partial compartmentalization (p = 0.06) between AM-derived and 
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plasma-derived Env sequences, while donor 2, with the highest pVL at 580,150 copies/mL 

showed no compartmentalization (p = 0.63). Other measures of compartmentalization 

performed by the HYPHY package were generally in agreement with the HSM test; donor 3 had 

significant compartmentalization by the nearest neighbor statistic (Snn) test only (Table 2.3). 

 

Figure 2.6 HIV Env sequences from AMs, BAL and plasma have variable 
compartmentalization. RNA from AMs, BAL and plasma was converted into cDNA by reverse 
transcription and then HIV Env was isolated by PCR with conserved primers, cloned into pHDM 
plasmids, and sequenced on an Illumina MiSeq. The tree was built using PhyML. Outlined 
arrows represent sequences used for cell-free experiments only; solid arrows represent 
sequences used for both cell-free (Figure 2.7) and cell-to-cell (Figure 2.10) experiments.  
 
Table 2.3 Compartmentalization of AM vs. plasma sequences for each of the donors, performed 
by the HYPHY package. The p-values are colored green for p<0.05, and orange for p > 0.05. 
 

Donor 1 Value p-value 
Hudson, Slatkin and Maddison 0.791 <0.05 

Slatkin 0.654 <0.05 
Hudson, Boos and Kaplan 0.651 <0.05 

Snn 1 <0.05 
 
 
 
   

Plasma viral load

Alveolar Macrophage RNA

Bronchoalveolar Lavage

Plasma

Subtype C 
Consensus

Donor 3
p = 0.06

Donor 2
p = 0.63

Donor 1
p < 0.0001

Cell-free experiments only

Cell-free and cell-to-cell

Hudson, Slatkin and Maddison test

18,797 copies/mL

580,150 copies/mL

14,100 copies/mL
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Table 2.3 (Continued) 
Donor 2 Value p-value 

Hudson, Slatkin and Maddison -0.159 0.63 
Slatkin -0.074 0.63 

Hudson, Boos and Kaplan -0.071 0.63 
Snn 0.633 0.22 

   
Donor 3 Value p-value 

Hudson, Slatkin and Maddison 0.121 0.06 
Slatkin 0.064 0.06 

Hudson, Boos and Kaplan 0.064 0.06 
Snn 0.941 0 

 

We also used the Geno2Pheno package to predict the coreceptor usage of the various 

viruses based on their V3 loops (Table 2.4). This tool showed that AM-derived HIV strains from 

donors 1 and 3 were predicted to use CCR5 as a coreceptor, while AM-derived HIV strains from 

donor 2, which had the highest pVL, were predicted to use CXCR4 as a coreceptor, 

demonstrating that HIV strains isolated from AMs can use both CCR5 and CXCR4 coreceptors. 

Unlike for coreceptor usage, no currently available tool can predict macrophage tropism from 

sequence information. 

Table 2.4 AM-derived viruses from different donors are predicted to use CCR5 and 
CXCR4 coreceptors. V3 loop sequences, predicted subtype, and predicted coreceptor usage 
for the plasma and AM-derived viruses in this study were derived from the Geno2Pheno online 
tool (https://coreceptor.geno2pheno.org/). 1080 = Donor 1, 1119 = Donor 2, and 1137 = Donor 
3. FPR = false positive rate; FPRs < 10 are predicted to use CXCR4 and/or CCR5, and FPRs > 
10 are predicted to only use CCR5. 
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Virus V3 loop Subtype FPR Percentile Coreceptor usage
1080_AM_1 CIRPNNNTRKSIHIGPGQAFYTNEIIGNIREAHC A or AG 83 58.47 R5
1080_AM_10 CIRPNNNTRKSIHIGPGQAFYTNEIIGNIREAHC A or AG 83 58.47 R5
1080_AM_2 CIRPNNNTRKSIHIGPGQAFYTNEIIGNIREAHC A or AG 83 58.47 R5
1080_AM_3 CIRPNNNTRKSIHIGPGQAFYTNEIIGNIREAHC A or AG 83 58.47 R5
1080_AM_4 CIRPNNNTRKSIHIGPGQAFYTNEIIGNIREAHC A or AG 83 58.47 R5
1080_AM_5 CIRPNNNTRKSIHIGPGQAFYTNEIIGNIREAHC A or AG 83 58.47 R5
1080_AM_6 CIRPNNNTRKSIHIGPGQAFYTNEIIGNIREAHC A or AG 83 58.47 R5
1080_AM_7 CIRPNNNTRKSIHIGPGQAFYTNEIIGNIREAHC A or AG 83 58.47 R5
1080_AM_8 CIRPNNNTRKSIHIGPGQAFYTNEIIGNIREAHC A or AG 83 58.47 R5
1080_AM_9 CIRPNNNTRKSIHIGPGQAFYTNEIIGNIREAHC A or AG 83 58.47 R5

1080_Plasma_1 CTRPGNNTRKSTRIGPGQVFYTNNIIGDIRKAYC D 1.8 76.66 X4
1080_Plasma_10 CTRPGNNTRKSTRIGPGQVFYTNNIIGDIRKAHC D 1.9 74.37 X4
1080_Plasma_2 CTRPGNNTRKSTRIGPGQVFYTNNIIGDIRKAYC D 1.8 76.66 X4
1080_Plasma_4 CTRPGNNTRRSIRIGPGRAFYTIGDIRKAYC B 1.7 73.22 X4
1080_Plasma_6 CTRPGNNTRRSIRIGPGRAFYTIGDIRKAYC B 1.7 73.22 X4
1080_Plasma_7 CTRPGNNTRRSIRIGPGRAFYTIGDIRKAYC B 1.7 73.22 X4
1080_Plasma_8 CTRPGNNTRRSIRIGPGRAFYTIGDIRKAYC B 1.7 73.22 X4
1080_Plasma_9 CTRPGNNTRRSIRIGPGRAFYTIGDIRKAYC B 1.7 73.22 X4
1119_AM_1 CTRPNNNKRKSVRIGPGQAFYAYDDIIGNIRQAYC A or AG 5 66.14 X4
1119_AM_10 CTRPNNNKRKSVRIGPGQAFYAYDDIIGNIRQAYC A or AG 5 66.14 X4
1119_AM_2 CTRPNNNKRKSVRIGPGQAFYAYDDIIGNIRQAYC A or AG 5 66.14 X4
1119_AM_3 CTRPNNNKRKSVRIGPGQAFYAYDDIIGNIRQAYC A or AG 5 66.14 X4
1119_AM_4 CTRPNNNKRKSVRIGPGQAFYAYDDIIGNIRQAYC A or AG 5 66.14 X4
1119_AM_6 CTRPNNNKRKSVRIGPGQAFYAYDDIIGNIRQAYC A or AG 5 66.14 X4
1119_AM_7 CTRPNNNKRKSVRIGPGQAFYAYDDIIGNIRQAYC A or AG 5 66.14 X4
1119_AM_8 CTRPNNNKRKSVRIGPGQAFYAYDDIIGNIRQAYC A or AG 5 66.14 X4
1119_AM_9 CTRPNNNKRKSVRIGPGQAFYAYDDIIGNIRQAYC A or AG 5 66.14 X4

1119_Plasma_10 CTRPNNNKRKSVRIGPGQAFYAYDDIIGNIRQAYC A or AG 5 66.14 X4
1119_Plasma_2 CTRPNNNKRKSVRIGPGQAFYAYDDIIGNIRQAYC A or AG 5 66.14 X4
1119_Plasma_3 CTRPNNNKRKSVRIGPGQAFYAYDDIIGNIRQAYC A or AG 5 66.14 X4
1119_Plasma_4 CTRPNNNKRKSVRIGPGQAFYAYDDIIGNIRQAYC A or AG 5 66.14 X4
1119_Plasma_6 CTRPNNNKRKSVRIGPGQAFYAYDDIIGNIRQAYC A or AG 5 66.14 X4
1119_Plasma_8 CTRPNNNKRKSVRIGPGQAFYAYDDIIGNIRQAYC A or AG 5 66.14 X4
1137_AM_1 CTRPGNNTRRSVRIGPGQAFYATGDITGDIRQAHC A or AG 45.1 39.91 R5
1137_AM_10 CTRPGNNTRRSVRIGPGQAFYATGDITGDIRQAHC A or AG 45.1 39.91 R5
1137_AM_2 CTRPGNNTRRSVRIGPGQAFYATGDITGDIRQAHC A or AG 45.1 39.91 R5
1137_AM_3 CTRPNNNKRKSVRIGPGQAFYAYDDIIGNIRQAYC A or AG 5 66.14 X4
1137_AM_4 CTRPGNNTRRSVRIGPGQAFYATGDITGDIRQAHC A or AG 45.1 39.91 R5
1137_AM_6 CTRPGNNTRRSVRIGPGQAFYATGDITGDIRQAHC A or AG 45.1 39.91 R5
1137_AM_7 CTRPGNNTRRSVRIGPGQAFYATGDITGDIRQAHC A or AG 45.1 39.91 R5
1137_AM_8 CTRPGNNTRRSVRIGPGQAFYATGDITGDIRQAHC A or AG 45.1 39.91 R5
1137_AM_9 CTRPGNNTRRSVRIGPGQAFYATGDITGDIRQAHC A or AG 45.1 39.91 R5

1137_Plasma_1 CTRPGNNTRRSIRIGPGQAFFATGAITGDIRQAHC C 50.9 57.71 R5
1137_Plasma_10 CTRPGNNTRRSVRIGPGQAFYATGAITGDIRQAHC A or AG 31.6 51.97 R5
1137_Plasma_2 CTRPGNNTRRSVRIGPGQAFYATGDITGDIRQAHC A or AG 45.1 39.91 R5
1137_Plasma_3 CTRPGNNTRRSIRIGPGQAFFATGAITGDIRQAHC C 50.9 57.71 R5
1137_Plasma_4 CTRPGNNTRRSVTIGPGQAFYATGAITGDIRQAHC A or AG 80.3 58.72 R5
1137_Plasma_5 CTRPGNNTRRSVRIGPGQAFYATGAITGDIRQAHC A or AG 31.6 51.97 R5
1137_Plasma_6 CTRPGNNTRRSVRIGPGQAFYATGDITGDIRQAHC A or AG 45.1 39.91 R5
1137_Plasma_7 CTRPGNNTRRSVRIGPGQAFYATGDIIGDIRQAHC A or AG 41.2 16.55 R5

Table 2.4
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2.3.4 AM- and plasma-derived HIV is T-tropic 
 

We proceeded to test the ability of these viruses to replicate in T cells and MDMs. First, 

we cloned these patient AM- or plasma-derived Env genes into a replication-competent HIV 

backbone. Previous studies have shown that M- or T-tropism is preserved by cloning Env into 

another backbone (Ochsenbauer et al., 2012). We tested replication of 8 AM isolates and 9 

plasma isolates, selected to represent the sequence diversity found in the samples, in 

phytohemagglutinin (PHA)-activated CD4+ T cells and MDMs (arrows in Figure 2.6). Primary 

AM-derived HIV isolates from all 3 HIV-infected donors replicated in CD4+ T cells (Figure 2.7A-

C), as did the primary plasma-derived isolates (Figure 2.7D-F). However, no AM- nor plasma-

derived HIV isolate replicated in MDMs from 6 HIV-uninfected donors over 14 days. These data 

indicate that while both AM- and plasma-derived HIV strains were predicted to use CCR5 and 

CXCR4, the AM- and plasma- derived HIV primary isolates found in our study are all T-tropic.  

 

Figure 2.7 AM- and plasma-derived HIV primary isolates are T-tropic. HIV Env isolated from 
AMs or plasma from three individuals was cloned into NL4-3 delta Env backbone plasmids. 
Replication-competent virus was added to activated CD4+ T cells or MDMs for 12 hours and 
washed, and supernatant was collected 1 hour after washing (day 1), after 7 days (day 7), or 
after 14 days (day 14). (A-C) Cells were infected with AM-derived viral isolates, from donor 1, 2  
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Figure 2.7 (Continued) or 3; (D-F) Cells were infected with plasma-derived viral isolates, from 
donor 1, 2 or 3. Data from all viral isolates from the same donor and anatomical site were 
pooled in this figure. CD4+ T cells and MDMs were isolated from the same donors; donor n = 6. 
Each dot denotes one virus tested on one cell donor. Statistics by Wilcoxon’s matched-pairs 
signed-rank test. 
 
2.3.5 T-tropic HIV efficiently infects alveolar macrophages through contact with infected 
CD4+ T cells 
 

Previous work has shown increased efficiency of M-tropic HIV entry into MDMs through 

uptake of or fusion with infected T cells (Baxter et al., 2014; Bracq et al., 2017). To test T-tropic 

and M-tropic HIV entry into AMs via interaction with HIV-infected T cells, we infected PHA-

activated CD4+ T cells with JR-CSF. We then co-cultured these autologous infected CD4+ T 

cells directly with MDMs or AMs (cell-to-cell or CTC) or separated from the macrophages by a 

transwell (TW). As an additional cell-free condition, we added HIV-containing T cell culture 

supernatant to the MDMs or AMs (SN) for 3 hours before washing the macrophages to exclude 

viral or cellular material which was not internalized by the macrophages at that point (Figure 

2.8A). In MDMs and AMs, T-tropic HIV replication was increased by contact with infected CD4+ 

T cells compared to the SN or TW conditions (Figure 2.8B, D). To compare T-tropic to M-tropic 

HIV, we repeated the experiment with CD4+ T cells infected with M-tropic 89.6. In MDMs, M-

tropic infection was enhanced by contact with infected CD4+ T cells (Figure 2.8C). In AMs, 

there was a difference at day 7 but no increase in infection in CTC by day 14 (Figure 2.8E). 
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Figure 2.8 T-tropic HIV infection is more efficient through cell-to-cell than through cell-
free transmission to MDMs and AMs. (A) Experimental setup: MDMs were matured for 7 days 
or AMs were adhered for 1 hour. CD4+ T cells were activated with PHA for 3 days, infected with 
JR-CSF or 89.6 virus at an MOI of 0.2 overnight, washed, and cultured for 4 days, when about 
10% of T cells were HIV Gag+ by flow cytometry. After the T cells were centrifuged, the 
supernatant from CD4+ T cells was used for SN; the pellet of CD4+ T cells was resuspended 
and added directly (CTC) or across a transwell (TW) at a ratio of 1 T cell: macrophage for 3 
hours and washed. (B-E) Supernatants from (B, C) MDMs or (D, E) AMs were collected and p24 
was measured by p24 ELISA. p value shows the value for cell-to-cell vs. supernatant using a 
two-way ANOVA with Tukey’s multiple comparisons test. MDMs: n = 6; AMs: n = 6. 
 

Subsequently, we investigated whether this contact-dependent increase in HIV in the 

supernatant of co-cultured cells was dependent on new reverse transcription, which is required 

for infection of new cells. Pre-treatment of the macrophages and T cells with the non-nucleoside 

reverse transcriptase inhibitor efavirenz (EFV) inhibited T-tropic HIV in the supernatant at day 

14 in the CTC condition, but it did not change day 14 concentrations in the SN condition, in both 

MDMs and AMs (Figure 2.9A, B). These data suggest that contact between T-tropic HIV-
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infected T cells and MDMs or AMs leads to productive infection, and that this productive 

infection is dependent on new HIV reverse transcription. 

 

Figure 2.9 HIV infection in T cell-macrophage co-cultures is blocked by reverse 
transcriptase inhibition. (A, B) MDMs were matured for 7 days or AMs were adhered for 1 
hour. CD4+ T cells were activated with PHA for 3 days, infected with JR-CSF virus at an MOI of 
0.2 overnight, washed, and cultured for 4 days, then were treated with 100 nM efavirenz (EFV) 
for 1 hour and T cell supernatant (SN) or T cells (CTC) were added to the macrophages for 3 
hours and washed, after which the cells were maintained with DMSO (-) or EFV (+) for 14 days. 
Supernatant from (A) MDMs or (B) AMs was collected and HIV p24 was measured by p24 
ELISA. n = 8 for MDMs, n = 6 for AMs; p value from Wilcoxon matched-pairs signed-rank test. 
 

2.3.6 AM-derived HIV is dependent on contact with infected CD4+ T cells to replicate in 
MDMs  
 

Having established that T-tropic HIV infection can be enhanced by contact between T 

cells and AMs or MDMs, we tested whether primary AM- or plasma-derived HIV isolates could 

also infect MDMs through this same route. Using the experimental setup described above, we 

infected autologous activated CD4+ T cells with AM-derived or plasma-derived HIV isolates 

(Figure 2.10). Then we cultured MDMs with supernatant from infected CD4+ T cells (SN) or 

directly with the infected T cells (CTC). Both AM-derived and plasma-derived primary isolates 

did not increase over time in the SN condition, which is consistent with the behavior of the T-

tropic virus JR-CSF in Figure 2.8A. However, in 2 out of 3 AM-derived and 2 out of 3 plasma-

derived viruses, the virus replicated more efficiently over time in the CTC condition than SN. 
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The remaining two viruses trended towards more replication in the CTC condition compared to 

SN. These data show that primary HIV isolates derived from AMs are not able to productively 

infect MDMs on their own, but can infect MDMs via CTC contact. 

 

Figure 2.10 Patient-derived HIV Env from AMs and plasma replicates in MDMs only 
through T cell contact. MDMs were matured for 7 days or AMs were adhered for 1 hour. CD4+ 
T cells were activated with PHA for 3 days, infected with primary HIV isolates overnight, 
washed, and cultured for 4 days. Supernatant from CD4+ T cells was used for SN; CD4+ T cells 
were added directly or across a transwell at a ratio of 1 T cell: macrophage for 3 hours and 
washed. (A-C) Cells were infected with one AM-derived viral isolate each, from viral donor 1, 2 
or 3; (D-F) Cells were infected with one plasma-derived viral isolate each, from viral donor 1, 2 
or 3. Each dot denotes one virus tested on one cell donor. CD4+ T cells and MDMs were 
isolated from the same donors; n = 10. p value from Wilcoxon matched-pairs signed-rank test. 
 

2.3.7 T cell-mediated infection of macrophages is mainly associated with CD3+ T cell 
capture by macrophages 
 

To further characterize the cellular location of HIV in infected macrophages, we imaged 

T cell-macrophage co-cultures with immunofluorescent confocal microscopy. Autologous CD4+ 

T cells were infected with T-tropic HIV, and T cell supernatant (SN) or HIV infected cells (CTC) 

were added to AMs. The samples were stained with CD3 to label T cells, CD68 to label 

macrophages and HIV Gag to label HIV and imaged after 14 days. Gag staining was primarily 
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located in the macrophage cytosol in both the SN and CTC condition. In the CTC condition, HIV 

Gag in CD68+ macrophages was more often associated with internalized CD3+ T cells (Figure 

2.11A). Gag+ CD3+ T cells that were not associated with macrophages were very rare, 

suggesting that the washing step efficiently removed free T cells and that the increase in HIV 

release in these experiments was likely not due to infection of T cells outside of macrophages. 

To address whether HIV Gag staining in AMs was associated with CD3 staining, we quantified 

whether cells were positive for CD68, CD3, and Gag staining in the confocal images. The 

percent of macrophages with Gag staining was higher in the CTC than in the SN condition by 14 

days after infection (Figure 2.11B). As expected, the percentage of CD68+ macrophages with 

both CD3 and Gag staining was also higher in the CTC but not the SN condition (Figure 2.11C). 

Almost all of the T-tropic HIV was associated with CD68+ macrophages (green and purple bars) 

instead of being inside of free T cells (yellow bar) (Figure 2.11C). In addition, almost all of the 

Gag staining in the coculture assays was found in the cytosol of the macrophages, rather than 

only in the CD3+ region of a triple-positive cell (orange bar). Although the percent of CD68+ 

CD3- Gag+ macrophages was similar between the SN and CTC conditions, in the SN condition, 

staining was fainter and punctate, as opposed to more intense staining in the CTC condition. 

This punctate appearance may be consistent with archiving of HIV in endosomal compartments 

that are topologically extracellular Together, our data shows that T-tropic HIV is transmitted from 

HIV-infected T cells to the cytosol of AMs and that contact with CD4+ T cells is important in this 

process. 
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Figure 2.11 T-tropic HIV-infected T cell contact with AMs leads to HIV Gag staining in the 
AM cytosol. (A) AMs were co-cultured with JR-CSF-infected (A) autologous CD4+ T cells (cell-
to-cell) or (B) T cell supernatant for 3 hours, washed, and cultured for an additional 14 days. 
Staining for was performed for cell nuclei (DAPI), HIV Gag (FITC), CD3 (Cy3) for T cells, and 
CD68 (Cy5) for macrophages, and images were acquired by immunofluorescent confocal 
microscopy. (C) Cells were quantified and plotted for percent CD68+ Gag+ cells of CD68+ cells 
and compared with the Wilcoxon matched-pairs signed-rank test. (D) % Gag+ cells out of all 
nucleated cells were quantified and plotted. Each category was compared between SN and 
CTC by the Friedman test with Dunn’s multiple comparison test. n = 6. 
 
 

We found that cell-free T-tropic HIV entered and replicated inefficiently in AMs, and 

primary HIV isolates from AMs were T-tropic. T-tropic HIV isolates, including JR-CSF, AM-

derived and plasma-derived HIV isolates, could infect macrophages via a mechanism that 

required contact with an infected CD4+ T cell. Microscopy revealed that in CD4+ T cell and AM 

co-cultures, HIV was transmitted from infected CD4+ T cells to the AM cytosol. In sum, these 

results are consistent with a model in which T-tropic HIV-infected CD4+ T cells transmit HIV to 

AMs via cell-to-cell contact, which leads to productive infection of the AMs. 
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2.4 Conclusions and Discussion 
 

We found detectable HIV RNA and DNA in AMs from about half of all tested subjects 

with untreated HIV. These findings were lower than prior studies performed on ART naïve 

subjects in which HIV nucleic acids were detectable in 70.4% of subjects across all studies 

(Chayt et al., 1986a; Clarke et al., 1994a; Clarke et al., 1990a; Jambo et al., 2014a; Koziel et al., 

1999a; Landay et al., 1993b; Lebargy et al., 1994b; Lewin et al., 1998; Nakata et al., 1995a; 

Plata et al., 1987b; Salahuddin et al., 1986; Sierra-Madero et al., 1994b), which are summarized 

in Table 1.2. However, many of these studies were performed in people in a later stage of HIV 

infection, where HIV nucleic acids may be easier to detect.  

 Cell-free T-tropic HIV enters AMs very inefficiently, but we saw that contact between a 

T-tropic HIV-infected T cell and an AM increases the efficiency of AM infection. The increase in 

HIV entry efficiency could be due to receptor or virus clustering at the interface between T cell 

and AM, retargeting of the virus away from lysosomal degradation towards the cytosol, or fusion 

of the infected T cell with the AM. 

The first potential mechanism involves an increased effective concentration of HIV 

receptors at the immunological synapse. The clustering of immune receptors, including CD4, 

CCR5, and ICAM-1/VLA-4, at the interface between AM and CD4+ T cell may help overcome 

the low density of HIV receptors and coreceptors on AMs and create a stable cell-cell synapse. 

This may allow T-tropic HIV Env, which has a low affinity for CD4, to enter the macrophage 

(Kulpa et al., 2013). In addition, this interaction could help to establish a virological synapse, 

where HIV buds into the junction between the two cells, as is seen in M-tropic transmission from 

T cells to MDMs (Baxter et al., 2014) and from MDMs to T cells (Groot et al., 2008).  

A second possible mechanism for the increased efficiency of T cell-mediated entry is a 

shift from HIV pinocytosis to HIV fusion through the plasma cell membrane. T cell-AM contact 

could retarget HIV from pinocytosis-mediated lysosomal compartmentalization to cytosolic 
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compartmentalization; this would switch the fate of the virus from degradation to productive 

infection (Marechal et al., 1998; Marechal et al., 2001). Our microscopy showed that AMs 

exposed to cell-free HIV had small HIV gag+ puncta consistent with lysosomal targeting, 

whereas AMs exposed to infected CD4+ T cells had gag staining that was more consistent with 

cytosolic localization. 

A third potential mechanism of transmission is fusion of HIV-infected CD4+ T cells with 

AMs. Other literature shows that macrophage-T cell fusion is required for M-tropic HIV 

transmission from T cells to MDMs (Bracq et al., 2017). However, we saw HIV Gag+ CD3+ 

macrophages that had internalized intact T cells but we did not see evidence of multinucleated 

giant cells at day 14, which suggests that T cell fusion with AMs is not a major mechanism of 

AM infection by the T-tropic virus JR-CSF. 

Our microscopy data and the prior literature support a combination of immunological and 

virological synapse and retargeting of HIV to the cytosol as key mechanisms that enhance the 

infectivity of T-tropic HIV through T cell contact with AMs. The contact between the infected T 

cell and AM may lead to CD4 receptor clustering on the macrophage membrane, a higher 

effective concentration of HIV virions at the interface between the cells, and HIV fusion at the 

extracellular membrane, all of which could increase the efficiency of T-tropic HIV entry into AMs.  

In addition to increasing the efficiency of HIV entry into AMs at the T cell-macrophage 

interface, it is also possible that autologous CD4+ T cells play a role in increased HIV 

transcription and virion production in AMs. A prior study showed that HIV transcription in AMs 

from two HIV-infected donors was enhanced by autologous T cell contact (Hoshino et al., 2002). 

We found that a reverse transcriptase inhibitor inhibits HIV release from MDMs and AMs 

cultured with T-tropic HIV-infected T cells (Figure 2.8). These publications suggest that CD4+ T 

cell interaction with AMs may activate the macrophages to allow enhanced HIV reverse 

transcription, transcription from the HIV LTR, and/or viral production within the cells. CD4+ T cell 

activation of macrophages could potentially increase HIV release from the macrophages.  
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The potential for AMs to be productively infected by CD4+ T cell-mediated-HIV infection 

has implications for our understanding of HIV pathogenesis, including changes to AM function, 

transmission of HIV to other cells, persistence of infected AMs, and production of cytokines 

involved in chronic immune activation. First, productive HIV infection has been shown to have 

many effects on macrophage function, including defects in phagocytosis, proteolysis, and 

cytokine production. However, existing models use M-tropic HIV to infect macrophages, which 

may differ in infection rates and cellular localization from the more likely T-tropic infection. 

Second, once HIV enters a macrophage, the infected macrophage may transmit HIV to other 

CD4+ T cells and macrophages, as has been shown for M-tropic HIV (Groot et al., 2008). This 

could occur via efferocytosis of infected macrophages (Martin et al., 2012) or through cell-to-cell 

contact. Third, HIV-infected macrophages are also known to persist, because they are more 

resistant to cytopathic effects of HIV (Gartner et al., 1986) and cytotoxic effects of CD8+ T cells 

(Clayton et al., 2018), and have lower intracellular ART levels (Gavegnano and Schinazi, 2009), 

than infected CD4+ T cells. Fourth, HIV infection in macrophages via contact with T cells may 

play a role in the chronic immune activation that is seen in PLWH and the failure to control other 

infections such as tuberculosis. Multiple studies have associated macrophage-derived products 

with increased morbidity and mortality in PLWH, including people on ART. These include IL-6, 

soluble CD14, soluble tumor necrosis factor receptor 1 (sTNFR1), sTNFR2, and IDO activity 

(Hunt et al., 2016), of which sCD14 and IDO but not IL-6, sTNFR1 or sTNFR2 can be linked to 

MDM infection with HIV (Lien et al., 1998; Maneglier et al., 2009; Shive et al., 2012). Therefore, 

AMs infected with T-tropic HIV via T cell contact may lead to defects in AM function, 

transmission of HIV to other immune cells, persistent infection of AMs, and chronic immune 

activation, all of which may be involved in the increased incidence of lung disease in PLWH. 

In conclusion, this work shows that HIV found in AMs is T-tropic, and that T-tropic HIV 

can productively infect AMs via CD4+ T cell contact, which may help explain the prevalence of 

AM dysfunction and associated pulmonary infections seen in HIV infection. Our data suggest 



 49 

that infection of AMs is possible without viral evolution towards M-tropism and is more likely to 

cause enduring infection early in the course of HIV disease. Our work, together with previous 

studies, points to the importance of studying AMs as a long-lived cell type which can harbor 

replication-competent HIV, may transmit HIV through cell-cell interactions, and may impact the 

ability of AMs to control pulmonary infections.  
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Chapter 3: The Role of Alveolar Macrophages in HIV-Induced Susceptibility to 
Mycobacterium tuberculosis 
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3.1 Summary 
 

Alveolar macrophages (AMs) from people with untreated HIV have impaired function 

which is believed to contribute to the increased susceptibility to active tuberculosis (TB) seen in 

this population. The impact of untreated HIV infection on macrophage susceptibility to 

Mycobacterium tuberculosis (Mtb) growth is not well understood. We performed bronchoscopy 

in HIV-infected antiretroviral therapy (ART)-naïve and uninfected control subjects living in South 

Africa, as well as uninfected subjects living in Boston, MA, USA. We performed RNA 

sequencing on AMs from the HIV-infected and uninfected matched subjects, and found HIV-

associated alterations in multiple pathways, including a strong upregulation of beta chemokines. 

These chemokines preferentially recruited monocytes, which were more susceptible to 

intracellular Mycobacterium tuberculosis (Mtb) growth than mature MDMs or AMs. We also 

found that inhibitors of one protein, CMKLR1, that is increased in AMs from PLWH and another, 

ALDH1A2, that is decreased in HIV infection, both inhibited intracellular Mtb growth in MDMs. 

We conclude that AMs from people with untreated HIV infection produce beta chemokines 

which recruit monocytes that are permissive to Mtb infection, and blocking ALDH1A2 and 

CMKLR1 inhibits intracellular Mtb growth. Our data suggest that HIV-driven monocyte 

recruitment to the lung and other HIV-driven AM transcriptional changes may be important 

contributors to the active TB risk seen in people living with HIV. 

 
 
3.2 Background 
 

TB is the leading cause of death for PLWH, causing 300,000 deaths in 2017 (World 

Health Organization, 2018a). When exposed to Mtb, HIV-uninfected people have a 5-15% 

chance of developing primary active TB, and most other individuals develop latent TB which can 

reactivate later in life (World Health Organization, 2018b). Among all the risk factors for 

developing active primary and reactivation TB, untreated HIV infection has the highest odds 
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ratio (Figure 3.1), and treatment of HIV infection with ART reduces but does not normalize the 

risk of active TB (Lawn and Zumla, 2011). HIV-associated susceptibility to TB is thought to be 

due to a combination of HIV-induced adaptive and innate immune dysfunction (Diedrich and 

Flynn, 2011; Kwan and Ernst, 2011).  

 

Figure 3.1 Both untreated and treated HIV infection are some of the strongest risk factors 
for active tuberculosis. Adapted from (Lawn and Zumla, 2011). 

 

When Mtb enters the respiratory tract, alveolar macrophages (AMs) are the first cells to 

contact and engulf the bacteria (Srivastava et al., 2014). AMs help coordinate the subsequent 

immune response to Mtb, which includes recruiting monocytes, neutrophils, T cells, B cells, NK 

cells, and other leukocytes from the circulation to the lung. Once in the lung, monocytes 

differentiate into recruited macrophages (RMs) and myeloid dendritic cells (DCs) (Srivastava et 

al., 2014). These RMs may be an important determinant of the fate of Mtb infection. It is not 

known whether HIV affects the accumulation of RMs in the lung and whether this could 

contribute to TB susceptibility.  

Recruited macrophages differentiate from monocytes, and monocyte recruitment from 

the blood to the lung is driven by chemokines, especially those in the beta chemokine family. 

CCL2 is the best-studied of the chemokines responsible for monocyte recruitment, and is one of 
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several chemokines that signals through the CCR2 receptor on monocytes, along with CCL7, 

CCL12, and CCL13. The degree of CCL2 in the serum of PLWH is positively associated with 

degree of viremia (Ansari et al., 2006; Weiss et al., 1997). Together, data from zebrafish 

(Cambier et al., 2014a), mice (Rutledge et al., 1995) and humans (Flores-Villanueva et al., 

2005) suggest that CCL2 overexpression increases the risk of active TB, and is also associated 

with recruiting monocytes to the lung, which may explain this increased risk. It is not known 

whether HIV induces CCL2 and other beta chemokines in human AMs and whether this could 

lead to increased monocyte recruitment and impact Mtb intracellular growth. 

In addition to recruiting other cells to the lung, AMs make up a large percentage of the 

early Mtb-infected cell population in the lung (Cohen et al., 2018; Wolf et al., 2007). The ability 

of AMs to serve as hosts for or to eliminate these intracellular bacteria may shape the outcome 

of Mtb infection. Hence, it is important to understand the impact of HIV infection on AM ability to 

control intracellular Mtb growth. So far, no study has profiled the impact of in vivo HIV infection 

on the AM transcriptional state. 

There is evidence that HIV may alter macrophage function in ways that could decrease 

killing of Mtb. These mechanisms include reducing delivery of Mtb to acidified endosomes 

(Deretic et al., 2004; Mwandumba et al., 2004), impairing phagocytic activity (Kedzierska et al., 

2003; Koziel et al., 1998; Mazzolini et al., 2010), inducing telomerase function in a way that 

could decrease cell death (Reynoso et al., 2012), impairing Mtb-mediated apoptosis (Patel et 

al., 2009; Patel et al., 2007), and inducing a type I interferon response (Deshiere et al., 2017). 

However, so far, the transcriptional effect of untreated HIV infection on AMs has not been 

studied. 

We provide evidence that AMs from people with untreated HIV have changes in 

transcriptional programs dominated by increased beta chemokine expression that correlate with 

increasing plasma viral load and detection of HIV transcripts. Beta chemokines are increased in 

the BAL fluid but not blood of people with untreated HIV, and several of these beta chemokines 
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preferentially recruit monocytes across a transwell in vitro. Monocytes such as those recruited 

by HIV-infected BAL fluid are more permissive to intracellular Mtb growth than MDMs or AMs. 

Finally, small molecule inhibitors of two of the top differentially expressed genes in AMs from 

people with untreated HIV, ALDH1A2 and CMKLR1, decrease Mtb intracellular growth in MDMs 

in vitro. This work elucidates potential mechanisms of how HIV induces susceptibility to active 

TB infection which could be targets for future therapeutics to combat the epidemic of HIV-TB co-

infection.  

 

3.3 Results 
 
3.3.1 RNAseq of AMs from people with untreated HIV reveals upregulation of chemokine 
networks  
 

In order to understand how AM function is affected by HIV infection in the lung, we 

prepared population RNA sequencing (RNAseq) libraries from RNA from 1 million adhered AMs 

per donor. We compared samples from the 15 HIV-infected ART-naïve individuals compared to 

14 HIV-uninfected control donors described in Table 2.1. We first looked for evidence of HIV 

transcripts within the RNAseq data, using the open-source viral-ngs pipeline (Park et al., 2015).  

This method allows detection of HIV sequences within cell-associated RNAseq data without 

primer bias. The pipeline depletes reads that align to the human genome and common 

sequencing contaminants, assembles the remaining reads, and scaffolds them to a reference 

genome. We used the Los Alamos National Lab set of representative global HIV-1 genomes for 

alignment. We were able to detect HIV reads in 6 out of the 17 samples we sequenced, 

including in two samples that we sequenced but did not use for downstream analysis because 

of poor read number and quality detected during RNAseq pipeline quality control steps. We did 

not detect any HIV reads in the HIV-uninfected subjects. There were not enough HIV-aligned 

reads in any of the samples to perform de novo assembly of the HIV reads. However, HIV 

detection in the RNAseq dataset positively correlated with plasma viral load (Figure 3.2).  
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Figure 3.2 HIV detection in RNAseq data positively correlates with plasma viral load. HIV 
reads correlate with log10 plasma viral load. Statistics are from a Spearman correlation. 
 

Next, we interrogated which genes were differentially expressed in AMs from people with 

and without HIV infection. Using the Tuxedo Suite (Trapnell et al., 2012), differential expression 

analysis with CuffDiff revealed 182 genes differently expressed in AMs. Among these genes, 

132 were upregulated and 50 were downregulated (Figure 3.3A). We analyzed these 182 

genes with Ingenuity Pathway Analysis (QIAGEN), and found that one of the largest categories 

of altered protein functions was cytokines or chemokines (Figure 3.3B). The full list of 

differentially expressed genes can be found in Table A3 in the Appendix. In order to focus on 

the most robustly differentially expressed genes, we narrowed down the list to 44 genes that 

were significant both by the CuffDiff analysis, which assumes a normal distribution, and a Mann-

Whitney test, which is non-parametric. Using these 44 genes, the HIV-infected and uninfected 

samples clustered separately, with two HIV-infected donors in a separate clade (Figure 3.3C).  
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Figure 3.3 HIV induces significant changes in the alveolar macrophage transcriptome. (A) 
Volcano plot of differentially expressed genes in AMs from people with untreated HIV compared 
to HIV-uninfected people by Cuffdiff. (B) Gene function among differentially expressed genes by 
Ingenuity Pathway Analysis. (C) Heatmap of differentially expressed genes significant by both a 
parametric (Cuffdiff) and a non-parametric (Mann-Whitney) statistical test. Samples and genes 
are clustered by Kendall’s Tau.  
 

The final gene set included a number of highly upregulated genes encoding cytokines 

and chemokines (Figure 3.3B). RNAseq analysis from AMs obtained from HIV-infected and 

uninfected subjects revealed significant differences in genes related to cell recruitment (Figure 

3.4A). The top canonical pathway on Ingenuity Pathway Analysis was cell movement of myeloid 

cells (Figure 3.4B). This pathway involved multiple beta chemokines along with other targets 

involved in extracellular matrix breakdown (MMP14 and ITGA4) and monocyte chemotaxis 

(PLA2G7) (Low et al., 2016; Wilensky et al., 2008). On closer examination, CCL2, CCL3, CCL4, 

CCL5, CCL13, and CCL18 were all upregulated in AMs from HIV-infected individuals (Figure 

3.4C). In addition, other chemokines involved in lymphocyte recruitment (CXCL9 and CXCL10) 
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were upregulated. The chemokine receptors and HIV coreceptors CCR5 and CXCR4 were also 

upregulated in AMs from PLWH (Figure 3.4C), which may increase the ability of HIV to enter 

AMs in these subjects. Chemokine and chemokine receptor expression were also associated 

with increasing viral load in the individuals. When ordered from decreasing to increasing plasma 

viral load, chemokine expression levels increased most in the individuals with higher plasma 

viral load (Figure 3.4E). In order to investigate whether these pathways were driven by 

detection of HIV in the AM samples, we compared the samples from people with untreated HIV 

with detectable HIV RNA by qPCR (RNApos) to those without detectable HIV RNA (RNAneg) 

(Table A4 in the Appendix). In this analysis, all of the chemokines that were significantly 

differentially expressed in the initial analysis remained significant except for CCL2 and CCL18 

(Figure 3.4D). The plasma viral load association and differential expression data suggest that 

chemokine upregulation is associated with increased HIV viral load. This finding suggests that 

HIV may be linked to the degree of production of beta chemokines in the lung. 



 58 

 

Figure 3.4 Beta chemokine networks are highly upregulated in AMs. (A) ToppGene Gene 
Ontology molecular pathways for the 182 genes significant by CuffDiff, ranked by q value; 
chemokine-related pathways are in red. (B) Ingenuity Pathway Analysis top canonical pathway, 
with upregulated genes in red and downregulated genes in green. (C) Table of transcriptional 
data for significant chemokine and chemokine receptor genes in the HIV uninfected vs. HIV-
infected subjects, with expression in FPKM. (D) Table of transcriptional data for significant 
chemokine and chemokine receptor genes in the HIV-infected subjects with detectable HIV 
RNA by qPCR (RNApos) vs. HIV-infected subjects without detectable HIV RNA by qPCR 
(RNAneg), with expression in FPKM. (E) Heatmap of chemokine and chemokine receptor genes 
arranged in order of plasma viral load from left to right. 
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upregulated in the BALF of HIV-infected individuals (Figure 3.5A, C), but only CCL13 was 

upregulated in plasma (Figure 3.5B). Of these chemokines, CCL2, CCL5, and CCL13 had both 

transcriptional upregulation in AMs and elevated protein levels in BALF as measured by ECL in 

the same subjects. The localized upregulation of chemokines in the lung suggests a 

compartmentalization of the chemokine response to HIV, which may be due to a stronger 

response of tissue macrophages to HIV compared to circulating cells. In general, both the RNA 

and protein levels of beta chemokines were higher in individuals with a higher HIV plasma viral 

load.  

  
Figure 3.5 Beta chemokine proteins are significantly increased in BAL of HIV-infected 
subjects. (A) Protein levels of chemokines in unconcentrated BAL fluid by 
electrochemiluminescence (ECL). (B, C) Median and p-value of chemokines in (B) 
unconcentrated plasma and (C) BAL fluid by ECL. n = 20 for both HIV-infected and uninfected. 
Statistics by Mann-Whitney test. 
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3.3.3 HIV-induced beta chemokines lead to preferential migration of monocytes 
 
 

Some beta chemokines, including CCL2 (MCP-1), CCL4 (MIP-1β), CCL5 (RANTES), 

CCL8 (MCP-2), and CCL13 (MCP-4) have been implicated in monocyte migration. We therefore 

sought to determine if they primarily recruited monocytes over other leukocytes found in the 

blood. We tested whether the beta chemokines found to be increased in the BALF of PLWH, 

including CCL2, CCL5, and CCL13, with CCL8 as a positive control, would be sufficient to 

recruit cells across a transwell at the concentrations found in vivo. PBMCs were added to the 

top of a transwell, and chemokines at the indicated concentration were added to the lower 

chamber; after 3 hours, cells in the lower chamber were stained and quantified using counting 

beads by flow cytometry. All four beta chemokines recruited monocytes more than CD4+ or 

CD8+ T cells (Figure 3.6). Interestingly, CCL2 recruitment of monocytes was maximal at 10 

pg/ml, and decreased at higher concentrations (Figure 3.6A). CCL5 had a similar effect across 

concentrations varying by two orders of magnitude (Figure 3.6B), while CCL8 (Figure 3.6C) 

and CCL13 (Figure 3.6D) recruited increasing numbers of monocytes as the concentration 

increased. However, the observed increase in CCL2 may decrease monocyte recruitment, while 

the increases in CCL5 and CCL13 in the BAL fluid of PLWH may increase relative monocyte 

recruitment. 

 



 61 

 
Figure 3.6 HIV-induced beta chemokines lead to preferential migration of monocytes 
across a transwell. Migration of PBMCs across a transwell in response to the indicated 
concentrations of recombinant chemokines, including (A) CCL2, (B) CCL5, (C) CCL8, and (D) 
CCL13. After migration, labeled PBMCs were stained for monocyte (CD14), CD4+ T cell (CD4), 
and CD8+ T cell (CD8) markers and migration was measured by flow cytometry with counting 
beads (n=6). Statistics are from a two-way ANOVA with multiple comparison testing comparing 
CD14+ to CD4+ T cells. 
 
3.3.4 Immature macrophages are permissive to Mtb 
 

One potential mechanism for the association between higher levels of CCL2 and risk of 

active TB is that monocytes may be more permissive to Mtb growth than AMs. We investigated 

how much intracellular Mtb growth occurs in AMs compared to monocytes and MDMs at various 

stages of maturation. We were able to perform bronchoscopies on HIV-uninfected individuals in 

Boston, allowing isolation of monocytes from autologous PBMCs and adherence of AMs from 

BAL. AMs and monocytes were infected for 2 hours with Mtb H37Rv at a multiplicity of infection 

(MOI) of 0.1, and then cells were washed, lysed and plated for colony-forming units (CFU). We 

found that Mtb replicated in AMs by 7 days after infection, but Mtb intracellular growth was 
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significantly higher by 7 days after infection in monocytes (Figure 3.7A). We then examined 

whether maturation of monocytes into MDMs with 10% human serum could produce a similar 

effect. Maturation of monocytes for 5 or 12 days before infection decreased intracellular Mtb 

growth at day 4 and day 7 after infection compared to unmatured monocytes (Figure 3.7B). 

These data suggest that newly arrived monocytes from the bloodstream are more permissive to 

Mtb growth than matured MDMs or AMs. Newly arrived monocytes recruited via increased beta 

chemokine release provoked by untreated HIV infection could lead to increased Mtb intracellular 

growth. This mechanism may help explain the increased susceptibility to active TB seen in 

untreated HIV infection. 

 
Figure 3.7 Immature macrophages are permissive to Mtb. (A) Intracellular Mtb growth by 
colony forming units (CFU) in monocytes from blood (CD14+) or alveolar macrophages from 
BAL (BAL). Cells were infected with Mtb H37Rv at a multiplicity of infection (MOI) of 0.1 for 2 
hours and assayed at day 1, 4 and 7 (n=4). (B) Intracellular Mtb growth by CFU in human blood 
monocytes matured for 1 day, 5 days, or 12 days at a MOI of 0.1 (n=7). Statistics are from a 
two-way ANOVA with multiple comparison correction. 
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 After investigating the strongest pathway in the RNAseq dataset comparing HIV 

uninfected and HIV-infected individuals, we proceeded to look at other gene targets that were 

differentially expressed in AMs from people with untreated HIV to better understand changes in 

AM function beyond monocyte recruitment. In addition to increases in expression of chemokines 

and chemokine receptors, there were increases in interferon-induced genes, including GBP1, 

GBP2, GBP5, ISG15, IFITM1, and DEFB1; increases in granzymes, including GZMB, GZMH, 

GZMA and GZMM; increased expression of the AP-1 components FOS and JUNB; non-

chemokine genes involved in cell migration, including MMP14 and PLA2G7; genes involved in 

alternative activation of macrophages, including CHI3L1, SPARC, and STAB1, among others. 

Full differential gene expression data is available in Table A3 in the appendix. We also 

wondered whether these pathways were driven by detection of HIV in the AM samples, so we 

compared the samples from people with untreated HIV with detectable HIV RNA by qPCR to 

those without detectable HIV RNA. Many of the same genes were also differentially expressed 

in this analysis, suggesting that this signature was correlated with detection of HIV inside AMs 

(Table A4).  

 

3.3.6 Inhibitors of ALDH1A2 and CMKLR1 decrease Mtb intracellular growth in MDMs 
 

We proceeded to interrogate whether any of the genes that were differentially expressed 

in AMs from people with untreated HIV had an impact on intracellular Mtb growth in 

macrophages. To this end, we used Ingenuity Pathway Analysis to highlight differentially 

expressed genes with available small molecule inhibitors, which were particularly interesting as 

targets for host-directed therapy for HIV-TB co-infection. We selected four genes that were 

differentially expressed in AMs from PLWH, seemed likely to affect intracellular Mtb growth from 

existing literature, and had existing inhibitors that were available for cell culture testing. These 

genes included CMKLR1, ALDH1A2, CYP1B1, and PLA2G7 (Table 3.2). The first gene, 

CMKLR1, is involved in chemoattraction and decreased cytokine production in macrophages. 
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The second gene, ALDH1A2, oxidizes retinaldehyde to the active vitamin A metabolite retinoic 

acid (RA). The third gene, CYP1B1, is involved in the production of increased PPARg and 

inhibits macrophage apoptosis. The fourth gene, PLA2G7, performs fatty acid oxidation. We 

tested whether inhibitors of these proteins could impact Mtb growth in MDMs by using them on 

MDMs in Mtb CFU assays. These included the CMKLR1 inhibitor NETA, the ALDH1A2 inhibitor 

WIN, the CYP1B1 inhibitor TMS, and the PLA2G7 inhibitor darapladib (Table 3.2). Notably, 

CMKLR1, CYP1B1, and PLA2G7 were all upregulated in the analysis of AMs from HIV-infected 

vs. uninfected individuals, and were all differentially expressed in the comparison between the 

samples with and without detectable HIV RNA. ALDH1A2 was the only downregulated gene of 

this list, and was not differentially expressed between AMs from PLWH where HIV RNA was 

detectable and those where it was not. 

Table 3.2 Selection of intracellular gene targets for inhibition. q value refers to the multiple 
test corrected value for differential expression from the Cuffdiff package between AMs from 
people with and without untreated HIV infection. 

 

For the CFU assays, we infected MDMs that had been matured for 7 days with Mtb 

H37Rv at a multiplicity of infection (MOI) of 0.1, and then cells were washed, lysed and plated 
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Platelet activating factor 

acetylhydrolase, performs fatty 
acid oxidation 

 
Darapladib 
(Dara) 



 65 

for colony-forming units (CFU). When the CFU counts were compared to the control (DMSO) 

condition in the same donor, we found decreased viable Mtb inside the WIN and NETA-treated 

MDMs at 4 days, but no change in viable Mtb with TMS or Dara treatment (Figure 3.8). These 

preliminary results suggest that inhibition of CMKLR1 and ALDH1A2 may decrease Mtb 

intracellular growth inside MDMs, although further verification is needed. CMKLR1 is 

upregulated in AMs from PLWH and inhibition decreases Mtb growth, so its upregulation may 

increase intracellular Mtb growth. ALDH1A2, on the other hand, is decreased in AMs from 

PLWH and its inhibition decreases Mtb growth, so its downregulation may decrease intracellular 

Mtb growth. This finding contradicts literature showing that addition of all-trans retinoic acid 

(ATRA), the main product of ALDH1A2 activity, decreases Mtb growth in MDMs. It is possible 

that this inhibitor has off-target effects that may explain our results. 

 

 

Figure 3.8 WIN (an ALDH1A2 inhibitor) and NETA (a CMKLR1 inhibitor) inhibit Mtb growth 
in MDMs by 4 days after infection, while TMS (CYP1B1 inhibitor) and darapladib 
(PLA2G7) do not inhibit intracellular Mtb growth. (A) MDMs were pre-treated with WIN at 3 
µM, NETA at 4 µM, or DMSO for 1 hour before incubation with Mtb H37Rv at an MOI of 0.1 for 
2 hours and replaced with media containing the inhibitors, and then MDMs were lysed at 4 days 
and plated for intracellular Mtb growth. The relative CFU compared to the DMSO condition at 4 
days is shown, n = 3 donors. (B) MDMs were treated with 1 µM TMS, 100 nM Darapladib or 
DMSO after being incubated with Mtb H37Rv, n = 5 donors. Graphs show the mean +/- SEM 
and statistics were determined by paired t-test.  
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 In conclusion, AMs from PLWH had transcriptional alterations dominated by an increase 

in chemokines involved in monocyte recruitment, which was stronger in individuals with detectable 

HIV RNA sequences in their AMs. These beta chemokine proteins were elevated in BAL fluid but 

not plasma from PLWH. CCL2, CCL5 and CCL13, which were all upregulated in BAL fluid from 

PLWH, could recruit monocytes across a transwell in vitro. Monocytes were more permissive to 

intracellular Mtb growth than MDMs or AMs. Taken together, this evidence suggests that HIV-

induced monocyte recruitment to the lung could be a mechanism of susceptibility to active TB in 

HIV infection. In addition, we investigated other genes that were differentially expressed in HIV 

infection, had available small molecule inhibitors, and had some biological link to macrophage 

control of Mtb. We found that inhibition of CMKLR1 and ALDH1A2 suppressed intracellular Mtb 

growth. We were able to define potential mechanisms for HIV-induced susceptibility to active TB 

that can be further investigated to provide host-directed TB therapies for PLWH. 

 

3.4 Conclusions and discussion 
 

HIV is associated with increased risk of active TB. Prior studies have defined some 

areas of AM dysfunction in people with untreated HIV, including defects in delivery of Mtb to 

acidified endosomes, phagocytic activity, impaired cell death, and induction of a type I interferon 

response. However, no study has done a transcriptional profile of AMs from people with 

untreated HIV or defined defects that arise early in HIV infection before widespread CD4+ T cell 

depletion. 

Analysis of RNA sequencing data generated from AMs of people with untreated HIV 

compared to HIV-uninfected individuals revealed a strong upregulation of chemokines, 

especially beta chemokines involved in monocyte infiltration, compared to HIV-uninfected 

individuals. We also observed upregulation of other genes involved in myeloid cell movement, 

including MMP14, ITGA4 and PLA2G7, and chemokine-related pathways constituted 5 of the 

top 5 most highly differentially expressed gene ontology pathways (Figure 3.4A). This response 
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was intriguing because it has also been described as a potential mechanism of susceptibility to 

Mtb, but has not been linked to HIV-TB co-infection. These genes were upregulated both in a 

comparison between AMs from HIV-infected and uninfected individuals (Figure 3.4C). They 

were also upregulated in a comparison between AMs from HIV-infected individuals with 

detectable HIV RNA and undetectable HIV RNA by qPCR (Figure 3.4D). Individuals with higher 

plasma viral loads also had higher levels of chemokine proteins in their BALF, suggesting that 

HIV was associated with this gene signature. It is also notable that these chemokines were 

increased in the BALF but not in the bloodstream of PLWH at this early stage of infection, 

perhaps because there is a larger impact of HIV infection in the lung compartment than the 

blood at this stage (Figure 3.5). Other studies showed an increase in beta chemokines in the 

blood of people with untreated HIV (Ansari et al., 2006; Weiss et al., 1997). However, our cohort 

contains individuals at an earlier stage of infection than in studies that showed widespread 

upregulation of plasma beta chemokine levels in HIV infection. CXCL9 and CXCL10, which 

recruit T cells to tissue, were upregulated transcriptionally in AMs from PLWH, but the protein 

levels in BAL fluid were not higher in these subjects. However, higher levels of these 

lymphocyte chemokines were mainly seen in people with a higher plasma viral load, which may 

help explain the CD8+ T cell alveolitis seen in HIV infection (Neff et al., 2015). 

The increase of beta chemokines in the lung seen during HIV infection could be due to 

either direct or indirect impacts of HIV. AMs may produce beta chemokines due to signaling 

from other cytokines (secondary to HIV sensing by other cells) or direct sensing of HIV elements 

by monocytes or macrophages. In vitro, CCL2 production can be induced by ligands including 

LPS, IL-1, TNF, GM-CSF, IFN-g, LTA, and IL-6 (Biswas et al., 1998; Colotta et al., 1992), many 

of which are elevated in the serum of PLWH and are associated with plasma viral load. Several 

studies show that HIV can directly induce CCL2 transcription in MDMs (Fantuzzi et al., 2001; 

Fantuzzi et al., 2008; Mengozzi et al., 1999; Wetzel et al., 2002). Whether direct or indirect, HIV 
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in AMs and in the plasma are associated with both beta chemokine transcription in AMs and 

protein levels in BAL fluid. 

Because many of the beta chemokines that were differentially present in BALF from 

PLWH were able to recruit monocytes (Figure 3.6), we studied whether monocytes, 

differentiating MDMs, and AMs have differential rates of intracellular Mtb growth. We infected 

AMs and monocytes from the same individuals with Mtb, and also compared Mtb growth in 

monocytes, day 5 MDMs, and day 12 MDMs from the same individuals. Mtb growth in AMs, day 

5 MDMs and day 12 MDMs were all different from monocytes (Figure 3.7). Thus, monocytes 

are more susceptible to intracellular Mtb growth than more mature MDMs or AMs. An increase 

in monocyte recruitment in HIV infection may increase the availability of these permissive cells 

in the lung, which could provide fuel for Mtb replication. It is notable that intranasal 

administration of a type I IFN stimulant, polyinosinic-polycytidylic acid condensed with poly-L-

lysine and carboxymethylcellulose (Poly-ICLC), which mimics the impact of a viral infection, to 

mice before Mtb infection, increased the recruitment of monocytes to the lung and increased 

Mtb bacterial burden in the lung (Antonelli et al., 2010). This increase was dependent on the 

type I interferon receptor and CCR2 expression. If these situations are analogous, it is possible 

that HIV infection triggers enough of a type I interferon response to summon monocytes from 

the bloodstream to the lung. 

We returned to the transcriptional data to look for secondary genes that were associated 

with detection of HIV in AMs. We identified four gene products with readily available inhibitors 

(CMKLR1, ALDH1A2, CYP1B1, and PLA2G7), and tested these inhibitors in MDMs infected 

with Mtb (Table 3.2). These results were only seen in a small number of donors, so they should 

be taken as preliminary. Follow-up experiments are described in Chapter 4. 

CMKLR1, is involved in chemoattraction and decreased cytokine production in 

macrophages. Chemokine-like receptor-1 (CMKLR1), also known as ChemR23, is a G protein-

coupled receptor (GPCR) expressed on monocytes, macrophages, dendritic cells, NK cells, 
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adipocytes and endothelial cells (Zabel et al., 2006), which binds chemerin and resolvin E1 

(Herova et al., 2015). It is linked to classical macrophage activation and monocyte and 

macrophage chemoattraction (Graham et al., 2014; Herova et al., 2015). CMKLR1 is also 

important in mediating AM anti-inflammatory responses; CMKLR1 knockout mice have 

abnormal alveolar macrophage morphology and increased lung inflammation in a model of lung 

injury (Luangsay et al., 2009). Blockade of this receptor by the inhibitor 2-(α-naphthoyl) 

ethyltrimethylammonium iodide (NETA) reduces the severity of a mouse model of multiple 

sclerosis, EAE, and decreases mononuclear cell infiltration into the CNS (Graham et al., 2014). 

In our experiments, NETA decreased intracellular Mtb growth compared to the control (Figure 

3.8). CMKLR1 is involved in chemoattraction of monocytes to inflamed tissue, but has also been 

reported to have intracellular functions related to production of inflammatory cytokines in 

macrophages, both of which could have an impact on Mtb growth in the lung.  

The second gene, ALDH1A2, is involved in metabolism of retinaldehyde to retinoic acid 

(RA) (Muzio et al., 2012). Aldehyde dehydrogenase 1 family, member A2 (ALDH1A2) is 

expressed in monocytes and DCs, among other cell types. It has been demonstrated in mice 

that RA acts through NPC2 to decrease intracellular cholesterol and leads to increased Mtb 

killing through increased lysosomal acidification (Wheelwright et al., 2014). Untreated SIV has 

been associated with decreased plasma RA, which did not recover on ART, suggesting that HIV 

may modulate the retinoic acid production system (Byrareddy et al., 2016). There are several 

selective inhibitors of ALDH1A2, of which an irreversible small molecule inhibitor, WIN18,446, is 

under investigation as a male contraceptive (Amory et al., 2011; Chen et al., 2018; Paik et al., 

2014). In our dataset, ALDH1A2 was the strongest downregulated hit in PLWH compared to 

those without HIV infection, but was not different between HIV-infected individuals with and 

without detectable HIV by qPCR. In our experiments, inhibition of ALDH1A2 decreased 

intracellular Mtb growth in MDMs. ATRA production has been shown to decrease Mtb 

intracellular growth (Wheelwright et al., 2014), so this result was unexpected. However, it is 
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possible that the inhibitor has off-target effects, that it affected the viability of the MDMs in 

culture, or that either too much or too little ALDH1A2 activity inhibits Mtb growth in MDMs 

compared to physiological amounts. 

These data define the effects of HIV on AMs, elucidate a key mechanism that may drive 

HIV-associated TB, and develop new insights into events in TB acquisition and disease. We 

conclude that loss of CD4+ T cells does not fully explain HIV-induced susceptibility to TB, and 

that AM function is perturbed in the lungs of PLWH in ways that can increase Mtb intracellular 

growth in macrophages. Here we show that HIV-infected individuals have high levels of 

chemokines that can attract monocytes from the bloodstream, leading to recruitment of 

permissive immature macrophages, and potentially increased susceptibility to Mtb infection. In 

addition, other genes, including CMKLR1 and ALDH1A2 are differentially expressed, and their 

inhibition restricts Mtb intracellular growth in MDMs. These results elucidate a key mechanism 

that may drive HIV-associated TB and identify several host-directed therapeutic targets for TB 

treatment. 
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Chapter 4: Significance and Future Directions 
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4.1 Significance 
 

PLWH are at increased risk of pulmonary infections, especially TB, which is the leading 

cause of death for PLWH (World Health Organization, 2018a). AMs are the predominant 

component of the immune system in the alveolar space (Hussell and Bell, 2014), are the first 

cells to contact pathogens like Mtb (Cohen et al., 2018; Wolf et al., 2007), have been shown to 

contain HIV nucleic acids (Table 1.2), and are dysfunctional in PLWH (Deretic et al., 2004; 

Mwandumba et al., 2004; Patel et al., 2009). However, the mechanism of infection of AMs, the 

tropism of HIV inside AMs, and the functional consequences of HIV infection of AMs on Mtb 

control have not been fully explored. 

To address these gaps, we undertook a study to understand the tropism and entry 

mechanisms of HIV isolated from AMs and to understand the functional consequences of 

untreated HIV infection on intracellular growth of Mtb in macrophages. By integrating viral and 

macrophage RNA sequencing, viral entry and replication assays, microscopy, and Mtb infection 

assays, we demonstrate that HIV from AMs is T-tropic (Figure 2.7) and can enter macrophages 

via contact with infected CD4+ T cells (Figure 2.10), and that T-tropic HIV can productively 

infect AMs via a mechanism that requires T cell contact (Figures 2.9 and 2.11). We also 

demonstrate that PLWH have increased beta chemokine transcription and protein levels 

(Figures 3.4 and 3.5), that these chemokines recruit monocytes (Figure 3.6), that these 

monocytes are more susceptible to Mtb growth (Figure 3.7), and that blockade of some 

pathways modified in AMs by HIV decreases Mtb growth (Figure 3.8). 

 

4.1.1 Significance of the cohort 
 

We were able to investigate a cohort of people with latent TB and untreated HIV living in 

South Africa who had CD4+ T cell counts above 500 CD4+ T cells/ml (Table 2.1). A major 

strength of this study is that this cohort represents a population at great risk of developing active 

TB. So far, the majority of studies looking at impacts of HIV on AM function have been 
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performed on people living in the US. Host genetic variation, environmental and microbial 

exposures have been shown to shape immune responses to HIV and TB, and these factors vary 

in different populations. The gut microbiome varies greatly with geographic location 

(Yatsunenko et al., 2012) and diet (David et al., 2014). We are also starting to appreciate the 

importance of homeostatic lung microbial contacts on the lung immune system (Budden et al., 

2017), which may also be location-dependent. With increasing knowledge of the influence of the 

gut and lung microbiome on lung immune function (the gut-lung axis), it is important to study the 

impact of HIV on AMs in the appropriate geographical and population context.  

Another strength of studying this cohort is that it includes PLWH who are ART-naïve, 

viremic and have circulating CD4+ T cell counts above 500 CD4+ T cells/ml. Until testing and 

treatment become more widespread and HIV stigma decreases, many people will exist in this 

often asymptomatic stage of HIV infection, and they are at high risk of acquiring active TB. 

Outside of very early intervention clinical trials, everyone with HIV experiences viremia before 

starting ART, and early and chronic viremia mark the stage when HIV reservoirs are established 

(Vanhamel et al., 2019). AMs are long-lived cells, and macrophages are resistant to HIV-

induced cell death and CD8+ T cell killing. Because circulating M-tropic HIV strains take time to 

develop, it is important to understand the entry of HIV into tissue macrophages before M-tropic 

HIV is widely present. People with untreated HIV and a CD4+ T cell count above 200 CD4+ T 

cells/ml of blood have an increased risk of TB and other conditions like bacterial pneumonia 

without having severe immunodeficiency. While lung interstitial CD4+ T cells are depleted at this 

stage of infection (Corleis et al., 2019), alveolar CD4+ T cells are not depleted in a previous 

study performed on the same cohort (Bunjun et al., 2017). The lack of alveolar CD4+ T cell 

depletion indicates that AM dysfunction may help explain the alveolar immunological defect, 

although it does not rule out qualitative changes in CD4+ T cell function. Tobacco smoking is 

another major influence on lung immune function. This cohort did not include any PLWH 

participants who smoke tobacco, which might impact the AM phenotype and increased 
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susceptibility to active TB on its own. It should be noted that even though none of the PLWH in 

this cohort were smokers, 5 of the HIV-uninfected subjects did smoke. 

As access to ART becomes more widespread, it has become increasingly challenging to 

obtain samples from people with untreated HIV. This is a fortunate development for study 

participants but does not make understanding the impact of untreated HIV any less pressing. 

Therefore, this cohort represents a unique and valuable opportunity to study how HIV enters 

AMs and affects intracellular Mtb growth and TB susceptibility. 

 

4.1.2 Significance of Chapter 2 
 

The finding that HIV isolated from AMs is T-tropic has utility for understanding HIV entry 

and replication in AMs, as it establishes that HIV does not need to develop a high CD4 affinity in 

order to be found in tissue macrophages. HIV production from macrophages involves both HIV 

entry into the macrophage and macrophage replication capacity (MRC) (Duncan and Sattentau, 

2011). We showed that the R5 T-tropic strain JR-CSF has low HIV entry and MRC in AMs, while 

the R5 and X4 M-tropic strain 89.6 has higher HIV entry and MRC in AMs (Figures 2.4 and 

2.5). Given this finding, it would be reasonable to think that HIV found inside AMs would also be 

M-tropic. However, we found that replication-competent viral constructs made with Env isolated 

from AMs and plasma has low MRC in MDMs (Figure 2.6). Some of our AM-derived strains 

were predicted to use CCR5 and others were predicted to use both receptors or only CXCR4 

from their Env V3 sequences, but neither type replicated in MDMs. CXCR4-using macrophage-

tropic strains have been described, including the lab-adapted strain used in this study, 89.6. The 

finding that HIV strains predicted to use CCR5 and X4 coreceptors are T-tropic is consistent 

with separate regions of the HIV envelope determining M-tropism and coreceptor usage. 

Existing models of macrophage infection use M-tropic HIV strains in order to achieve high rates 

of HIV infection. Our data show that before widespread CD4+ T cell depletion, HIV in AMs is T-
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tropic, which is novel and has implications for in vitro HIV infection models using macrophages 

and the mechanism of entry of HIV into macrophages. 

Because all of the HIV strains we isolated from inside AMs cannot replicate in MDMs 

when introduced cell-free (Figure 2.6), we looked for another mechanism of entry. We showed 

that the R5 T-tropic strain JR-CSF could not replicate in MDMs or AMs when introduced in cell-

free infection, but it could replicate when CD4+ T cells were first infected and then were able to 

contact the MDMs or AMs (Figure 2.8). The M-tropic HIV strain 89.6 did not show as much of a 

change in efficiency of infection when infected CD4+ T cells contacted the MDMs, and there 

was no difference between the two conditions in AMs. T-tropic HIV replication with T cell contact 

was dependent on reverse transcription and was blocked by the reverse transcriptase inhibitor 

efavirenz (EFV), which demonstrates that new cells were infected (Figure 2.9). We washed the 

cultures vigorously after adding infected CD4+ T cells to the culture, but some CD4+ T cells 

remained closely associated with or internalized by macrophages, as we saw in the microscopy 

staining (Figure 2.11). If the only source of HIV was production of HIV from remaining CD4+ T 

cells without infecting new cells, we would not have seen an effect of EFV on viral production in 

the supernatant. 

Our previous experiments did not distinguish between infection of uninfected CD4+ T 

cells and infection of macrophages. When we added HIV-infected CD4+ T cells to the 

macrophages, about 10% of the CD4+ T cells were Gag+ by flow cytometry, which would leave 

many potential uninfected CD4+ T cell targets. In order to clarify in which cells HIV replication 

occurred, we quantified the localization of HIV Gag along with CD3 for T cells and CD68 for 

macrophages by confocal fluorescent microscopy. We found that the increased staining in the T 

cell contact condition was due to HIV Gag staining in the macrophage cytosol when CD3+ cells 

were also associated with the macrophage (Figure 2.11). These data establish that much of the 

new HIV staining is in the AM cytosol rather than in CD3+ T cells. The ability of AMs to be 

productively infected by T-tropic HIV in a T cell contact-dependent manner has significance for 
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understanding the establishment of an HIV reservoir in AMs, changes to AM function, 

compartmentalization of HIV inside AMs, and the role of AMs in chronic immune activation. 

 

4.1.3 Significance of Chapter 3 
 
 In order to understand the impact of untreated HIV infection on AMs, we performed 

population RNA sequencing (RNAseq) on AMs from the described cohort. First, we validated 

the detection of HIV by qPCR by looking for HIV reads in the RNAseq data using the viral-ngs 

pipeline (Park et al., 2015). These reads correlated with plasma viral load (Figure 3.2), which 

was another line of evidence to support HIV detection in AMs. It also provides a validation of 

detection of HIV sequences within cell-associated RNAseq data without primer bias, in addition 

to previously published studies detecting HIV using this method (Piantadosi et al., 2019). While 

we were not able to assemble full HIV genomes or assess splicing status with this dataset, 

deeper sequencing could provide information about the state of HIV transcription in AMs and 

genetic diversity of HIV from these samples. 

Our analysis of RNAseq on AMs from people with and without untreated HIV infection is, 

to our knowledge, the first study of this type (Figure 3.3). It revealed a relatively small number 

of differentially expressed genes (DEGs) (182 DEGs), which is understandable given the low 

frequency of infected AMs at this stage. Deshiere et al. performed a study of in vitro HIV 

infection in MDMs, where they infected MDMs ex vivo with heat stable antigen (HSA)-tagged M-

tropic HIV (Deshiere et al., 2017). They sorted HIV-infected (HSA positive) and bystander (HSA 

negative) MDMs before performing RNAseq to compare them with unexposed macrophages. 

They found 394 DEGs at 6 days post infection in the HIV-exposed bystander macrophages 

compared to 1392 DEGs at the same timepoint in the HSA-HIV infected cells. The difference in 

magnitude of this response suggests that the majority of our signal may be driven by uninfected 

bystander cells, which is reasonable given the low estimates of frequency of infected AMs at 

this stage. We compared the DEGs in their dataset with ours (Figure 4.1), and found some 
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overlapping DEGs between our dataset and the in vitro infection dataset. Notably, 11 genes 

were differentially expressed in all three datasets, including multiple upregulated type 1 

interferon response genes (STAT1, ISG15, GBP1, GBP5, CXCL10, and IFI27) (Figure 4.1A). 

The strongest downregulated DEG in our dataset, ALDH1A2, overlapped with the bystander 

MDMs but not the directly infected MDMs, which suggests a potential indirect mechanism for 

downregulation of this gene (Figure 4.1B). This data is also consistent with our finding that 

ALDH1A2 was not differentially expressed between the HIV-infected samples with detectable 

HIV RNA and those without, suggesting a state change in HIV infection rather than a response 

to virus in AMs. However, there is not much representation of an increased chemokine 

response in the in vitro infected MDMs, which is the dominant signal in our dataset. The only 

shared upregulated chemokine is CCL5, which was found in the directly infected MDMs. The 

differences between the DEGs in these datasets suggest that the context of the lung 

environment affects AM responses to HIV, and shows that it is important to study the cells that 

are on the front lines of pulmonary infections. 

 

 



 78 

 

 

Figure 4.1 Changes seen in AMs from PLWH are different from in vitro infected or 
bystander MDMs using data from (Deshiere et al., 2017). A comparison of differentially 
expressed genes (DEG) in MDMs infected with HSA-HIV. We compared DEGs from HSA 
negative MDMs which were exposed to HSA-HIV but not infected, 6 days post infection 
(HSAneg_6dpi), HSA positive MDMs, which were infected by HSA-HIV, 6 days post infection 
(HSApos_6dpi), and our data from AMs from people with untreated HIV (AMs_HIVpos). Each 
dataset was compared to HIV uninfected macrophages at the same timepoint. The numbers  

A

B
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Figure 4.1 (Continued) indicate the total number of DEGs in each area. Diagrams were 
generated using the following tool: http://bioinformatics.psb.ugent.be/webtools/Venn/ (A) A 
comparison of upregulated DEG in each dataset; (B) a comparison of downregulated DEG in 
each dataset. Genes without standard gene names from our dataset were excluded from this 
analysis. DEGs from HSAneg and HSApos were acquired from (Deshiere et al., 2017). 

 Returning to our dataset, when we looked at the differentially expressed genes in AMs 

from PLWH compared to uninfected individuals, five of the top five pathways were linked to 

chemokines, and the top canonical pathway involved cell movement of myeloid cells (Figures 

3.4A and B). This signature was driven by AMs from people with detectable HIV RNA (Figure 

3.4D), and resulted in an increase in CCL2, CCL4, CCL5 and CCL13 protein levels in BAL fluid 

but not plasma (Figure 3.5). These chemokines increased monocyte migration across a 

transwell (Figure 3.6), and monocytes were more permissive to intracellular Mtb growth than 

MDMs or AMs (Figure 3.7). These data suggest that monocyte infiltration may be part of the 

chronic inflammatory process involved in HIV infection in the lung. While this data suggests that 

HIV could drive monocyte recruitment to the lung, we were not able to establish whether there 

was increased monocyte infiltration in the lungs of PLWH. The flow cytometry panel for this 

cohort was not designed for this purpose, and all the samples were collected before we started 

working on this project. We tried to find a similar cohort of people with untreated HIV, but were 

not able to establish one in Boston. An alternative explanation not explored in this dissertation is 

that in addition to monocyte infiltration, CCL2 can have other impacts on the immune 

environment in the lung that could encourage Mtb infection, such as encouraging M2 

polarization which is more permissive for Mtb growth (Ansari et al., 2013). The establishment of 

a beta chemokine-driven mechanism for HIV-mediated TB risk highlights a pathway that could 

be targeted for host-directed TB therapy. There are commercially available antibodies that block 

CCL2 and CCR2 and small molecule inhibitor of synthesis of CCL2, CCL7 and CCL8 called 

bindarit. These agents could be used as candidates to test the role of the CCL2/CCR2 axis in 

animal models of TB. 
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Having investigated the beta chemokine pathway, we also investigated other genes 

which were differentially expressed and had available small molecule inhibitors. We found that 

inhibition of ALDH1A2 and CMKLR1 decreased Mtb intracellular growth while inhibitors of 

CYP1B1 and PLA2G7 had no impact on Mtb growth (Figure 3.8). ALDH1A2 inhibition with the 

inhibitor WIN18,446 decreased Mtb growth by day 4 in MDMs, which was not what we had 

expected, while the inhibition of CMKLR1 with 2-(α-naphthoyl) ethyltrimethylammonium iodide 

decreased Mtb growth in MDMs by day 4 as we expected. These results are very preliminary 

with a small number of donors, and we did not establish whether there was a change in 

macrophage survival. There was no difference in Mtb growth at the first timepoint, which 

suggests that the inhibitors did not change uptake. However, we would need to measure lactate 

dehydrogenase (LDH) in the supernatant or perform flow cytometry or microscopy with labeled 

Mtb to understand whether there is a change in Mtb bacteria per macrophage. Follow-up work 

as described later in this chapter will also involve testing another method of inhibiting the given 

genes, like RNA interference or CRISPR, to see if there is a consistent impact on Mtb growth. If 

these results are robust, we will perform more mechanistic work on this topic. 

In conclusion, for the first time, we assessed the tropism of HIV isolated from AMs, 

established that T-tropic HIV can enter and replicate in AMs via contact with CD4+ T cells, 

studied the impact of untreated HIV on AM transcriptional responses, and explored the 

mechanisms of beta chemokine-mediated monocyte recruitment and TB risk. These data help 

us understand the ability of AMs to be infected by HIV and the downstream functional 

consequences of this infection. These pathways can be targeted to prevent the increased risk of 

TB and other pulmonary diseases, as well as chronic inflammation, seen in HIV. 
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4.2 Strengths and weaknesses of approaches taken 
 
4.2.1 HIV RNA/DNA detection 
 

Strengths: We used quantitative real-time polymerase chain reaction (qRT-PCR) with 

primers to HIV Gag to quantify HIV Gag RNA and DNA and used primers to CCR5 in DNA 

samples to obtain cell counts for each sample (Malnati et al., 2008). HIV Gag is a widely used 

target for detection of HIV RNA, DNA and protein. HIV Gag mRNA is a late product of HIV 

transcription. Early HIV transcripts are multiply spliced until levels of the HIV protein Rev, which 

is made from early HIV multiply spliced mRNAs, reach sufficient levels to allow transport of the 

unspliced mRNA containing Gag to the cytosol (Karn and Stoltzfus, 2012). Thus, detection of 

Gag RNA transcripts is indicative of later stages of HIV transcription and is more likely 

associated with productive infection. HIV Gag is one of the last parts of the HIV genome to be 

reverse transcribed, so detection of HIV Gag DNA is likely to detect full-length RT products (Hu 

and Hughes, 2012). The Gag gene is one of the most conserved regions of the HIV genome 

(Malnati et al., 2008) due to high structural constraints on the Gag protein . For all of these 

reasons, HIV Gag is an appropriate target to measure HIV RNA, DNA and protein. The primers 

we used for HIV Gag RNA (Michael et al., 1999) and HIV Gag DNA (Malnati et al., 2008) have 

been well validated across all HIV-1 Group M subtypes and should be able to detect the 

subtypes found in this cohort. 

Weaknesses: Our assays had a lower percent detection of HIV nucleic acids in AMs 

from untreated HIV-infected people than some other studies, which may be due to the HIV 

disease progression in our samples or a problem with the sensitivity of our assays. In particular, 

we did not detect HIV RNA and DNA in CD4+ T cells from all individuals with untreated HIV. 

Some of our samples had very low cell counts (Table A2 in the Appendix), including some 

below the limit of detection for the assay (<1 cell/ml), which would limit our sensitivity. Because 

of the low input cell numbers, we cannot rule out HIV detection in some of the samples. We 

were limited by the number of cells available from this study, but samples where HIV was 
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detected were likely to be true positives. In addition, we cannot be absolutely sure that the HIV 

came from AMs, but adherent cells from these donors were more than 98% AMs by Cytospin 

(Table A1), which makes contamination by other cells like CD4+ T cells unlikely.  

Alternative approaches: There are multiple other validated methods of detecting HIV 

RNA and DNA in cell-associated nucleic acids. One method is digital droplet PCR for HIV RNA 

(Kiselinova et al., 2014) and HIV DNA (Strain et al., 2013), which provides absolute 

quantification, and reportedly provides higher accuracy than qPCR. We tried optimizing ddPCR 

for HIV DNA detection for our cohort. However, we did not see any correlation between our HIV 

DNA readouts by ddPCR and by qPCR using DNA from the same samples. We worked with 

Stephanie Banning in Athe Tsibris’s lab on the HIV DNA quantification by qPCR; their lab 

performs this assay very regularly with frequent internal validation. Given the inconsistency 

between their data and our ddPCR data, we decided to continue with the data from the Tsibris 

Lab and make sure to validate the assays on CD4+ T cells as well. There are other qRT-PCR-

based methods such as the single-copy assay that could be used as another alternative (Cillo et 

al., 2014). 

 

4.2.2 HIV receptor flow cytometry 
 

Strengths: We performed flow cytometry to look at the percentage of AMs, MDMs, 

monocytes, BAL CD4+ T cells, and blood CD4+ T cells that expressed the main HIV receptors 

CD4, CCR5 and CXCR4. This allowed us to understand the number of cells that would be 

susceptible to HIV binding and entry based on the presence of the receptors alone. Because 

some of the HIV derived from AMs was predicted to use CCR5 and some was predicted to use 

CXCR4, it was important to measure both coreceptors. 

Weaknesses: We were interested not just in presence of CD4, CCR5 and CXCR4 but 

also in receptor density. Because AMs have quite high autofluorescence compared to MDMs 

and especially to CD4+ T cells, mean fluorescence intensity (MFI) is not particularly reliable to 
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compare macrophage and CD4+ T cell receptor density. In addition, HIV infection affects 

transcription of CCR5 and CXCR4 on AMs in our study, and we only looked at samples from 

people without HIV infection. 

Alternative approaches: An approach that can determine antibody binding sites is flow 

cytometry with QuantiBRITE beads, which would allow quantification and comparison of 

receptor density per surface area, as has been done for MDMs, monocytes, and CD4+ T cells 

(Joseph et al., 2014; Lee et al., 1999). Another option is to perform western blot for these 

proteins compared to a housekeeping protein, but that would not report how much of the 

receptors are localized to the surface of the cell. Macrophages can modulate surface expression 

of CCR5, like many other chemokine receptors, based on their activation state (Mueller and 

Strange, 2004). 

 

4.2.3 HIV primary isolate sequencing and cloning 

Strengths: We used PCR with primers for Env to amplify, clone and sequence HIV Env 

sequences from AMs, BAL fluid and plasma (Balazs et al., 2014). This approach allowed us to 

isolate HIV despite limiting quantities of starting material, as we used the RNA from each AM 

sample for RNAseq library preparation, Env sequencing, and HIV Gag qPCR. Using this 

technique, we were able to perform functional studies. We cloned the Env sequences into full-

length NL4-3 delta Env constructs from the NIH AIDS reagent program, which allowed us to 

perform all of the cloning in one step. Both HIV pseudotyping and cloning Env into another HIV 

plasmid has been validated to recapitulate the macrophage tropism of the entire virus, 

demonstrating that macrophage tropism is mostly determined by Env (Arrildt et al., 2015; 

Ochsenbauer et al., 2012). 

Weaknesses: PCR amplification in this type of bulk sequencing is known to introduce 

Taq polymerase errors, Taq polymerase-mediated template switching and recombination, and 

non-proportional representation of target sequences because of unequal template amplification 
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and cloning (Keele et al., 2008). We did not reach saturation for all of the trees, except for donor 

1, suggesting that investigating more clones would help fill out the diversity of the tree. We only 

amplified and sequenced the Env gene instead of the whole HIV genome. Sequencing and 

testing the rest of the genome could reveal other viral variants related to the ability of HIV to 

replicate in macrophages, such as changes in accessory HIV genes like Vpr (Collins et al., 

2015).  

 Alternative approaches: Single genome amplification (SGA) has been used in a variety 

of papers to avoid introducing PCR errors and recombination (Arrildt et al., 2015; Keele et al., 

2008; Ochsenbauer et al., 2012). In addition, multi-step cloning would allow cloning of the entire 

HIV genome from AMs to look at non-Env contributors to macrophage replication capacity 

(Ochsenbauer et al., 2012).  

 

4.2.4 HIV phenotyping 
 

Strengths: To look at entry capacity, we produced HIV virions with the BLaM-Vpr 

plasmid in HEK293T cells and incubated this virus with AMs, MDMs, monocytes, and lung and 

blood CD4+ T cells (Cavrois et al., 2002; Cavrois et al., 2014). This system detects HIV 

receptor-mediated fusion but does not detect endocytosis, and is useful to distinguish cell-free 

entry of M-tropic and T-tropic HIV strains. We used the entry inhibitors maraviroc (MVC) and 

AMD3100 (AMD) to test coreceptor usage for this assay. In order to phenotype M-tropic and T-

tropic lab-adapted strains and AM-derived and plasma-derived primary isolates, we used small-

volume overnight infection of MDMs and activated CD4+ T cells to study cell-free infection, 

where both cell types got equal amounts of virus produced in transfected HEK293T cells for the 

same amount of time. This assay tested macrophage replication capacity (MRC), not HIV entry 

directly, although entry is necessary for replication. 
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Weaknesses: We did not use entry inhibitors like MVC, AMD, or enfuvirtide, which 

inhibits fusion, on the patient-derived isolates to measure coreceptor usage, instead relying on 

predicted coreceptor usage. 

Alternative approaches: We could have used MVC, AMD, enfuvirtide, and CD4 inhibitors 

like soluble CD4 to directly measure the coreceptor usage and CD4 affinity of the patient 

derived Env isolates (Musich et al., 2011). Another option is to use the Affinofile assay, which 

uses cells with tunable expression of CD4 and CCR5 to directly measure the CD4 and CCR5 

dependence of HIV Env (Johnston et al., 2009; Joseph et al., 2014). We initiated a collaboration 

with Ron Swanstrom and Sarah Joseph at University of North Carolina and sent the cloned 

patient-derived isolates described in this dissertation to them in October 2018, but we do not yet 

have data from their assays at this point. 

 

4.2.5 Measurement of HIV transmission through cell-to-cell assays 
 

Strengths: In order to measure the efficiency of cell-to-cell compared to cell-free 

infection, we added supernatant from infected CD4+ T cells, added washed CD4+ T cells to 

MDMs or AMs, or separated the washed CD4+ T cells with a transwell. This setup ensured that 

the macrophages were exposed to T cell-derived virus, as in (Baxter et al., 2014; Bracq et al., 

2017). The supernatant was tested after the virus was vigorously washed off and 14 days later. 

Pretreatment with efavirenz (EFV) allowed us to test the importance of reverse transcription in 

this process, and microscopy allowed us to measure which cells contained HIV. As before, this 

assay tested MRC, not HIV entry. This process focused on production of HIV Gag proteins, 

which is a relatively late stage endpoint of virion production. 

Weaknesses: The assay did not separate out the impacts of CD4+ T cell activation or 

modulation of the macrophages from the influence of cell-to-cell contact on HIV transmission. 

The amounts of HIV introduced by the various routes were different from donor to donor due to 

variable HIV replication in T cells from different donors, so we normalized to the amount of HIV 
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left after washing. Washing may not have completely removed free T cells, and there was 

additional removal of supernatant before microscopy staining, which may have underestimated 

the amount of free CD4+ T cells after washing. We did not assay the ability of virus produced by 

macrophages to infect other cells. 

 Alternative approaches: In order to get a higher throughput measurement of Gag 

localization to macrophages or CD4+ T cells, we considered using ImageStream, which 

combines microscopy and flow cytometry (Baxter et al., 2014). We put together and validated 

an ImageStream panel to answer this question. Unfortunately the machine had many technical 

issues and was not working when we had our first HIV uninfected bronchoscopies, so we 

decided to use confocal microscopy instead. We considered using HIV DNAscope (DNA 

fluorescence in situ hybridization from ACD Bio) to understand whether HIV DNA could be 

found in the AM nucleus with cell-to-cell T-tropic HIV infection (Deleage et al., 2016), but found 

a high level of background staining. Finally, supernatants collected from the various conditions 

could be used to infect reporter cells like GHOST cells or TZM-bl cells to assay for production of 

infectious virus. 

4.2.6 Population RNAseq 
 

Strengths: We performed population RNAseq to understand transcriptional changes in 

AMs from PLWH. This is an unbiased method that has higher sensitivity to rare transcripts than 

single cell RNAseq and allowed us to survey a larger number of subjects than would be 

currently feasible with single cell approaches. In addition, we were able to isolate HIV 

sequences along with host sequences from cell-associated RNA. 

Weaknesses: This approach did not tell us whether changes in signal come from HIV 

infected or bystander cells, and it did not give us a measure of heterogeneity among cells in the 

adherent BAL cell population, potentially including recruited macrophages, polarized AMs, 

dendritic cells, and ILCs and lymphocytes that may have adhered along with the AM population. 
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 Alternative approaches: Single-cell RNAseq would allow us to understand differences 

between infected and bystander cells and quantify cell heterogeneity in identity and 

responsiveness to HIV (Shalek et al., 2013). However, our samples were collected before our 

involvement in the study in a cell pellet in RNAlater. This sample format would have been 

difficult to stain and sort, so we decided to proceed with a population RNAseq approach given 

the uniqueness of these samples. 

 
4.2.7 Monocyte recruitment assays 
 

Strengths: We performed monocyte recruitment assays with defined concentrations of 

the chemokines CCL2, CCL5, CCL8 and CCL13 on the lower part of a transwell and put 

PBMCs on the upper part, and studied the recruitment of monocytes, CD4+ T cells, and CD8+ T 

cells for three hours before staining and assessment by flow cytometry. The concentrations of 

chemokines used mimicked physiological concentrations, and helped us understand the impact 

of an increase in chemokine concentration in the lungs of people with untreated HIV on 

monocyte and T cell recruitment. 

Weaknesses: The process of bronchoalveolar lavage dilutes the BAL fluid to a variable 

extent, and we then concentrated the BAL fluid in order to assay the chemokine concentrations 

by ECL. Because of this, we cannot be certain of the actual concentration of the given beta 

chemokines in the BAL fluid of people with and without untreated HIV. In addition, monocyte 

recruitment to the lung depends on the gradient between the lung and blood, which we did not 

measure in this assay. 

 Alternative approaches: The best way to answer this question would be to look at 

monocyte recruitment to the lungs of people with untreated HIV, but this was not possible 

because it was not included in the flow cytometry panel used in this cohort and we were not 

able to recruit an additional cohort. Animal models including HIV-infected humanized mice or 

SIV-infected rhesus macaques could be studied to understand the impact of HIV/SIV on 
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recruitment of monocytes to the lung, and CCL2 and other beta chemokines could be blocked 

with intratracheal blocking antibodies to see if this was dependent on beta chemokine 

expression in the lung.  

 

4.2.8 Mtb colony forming unit (CFU) assays 
 

Strengths: The Mtb CFU assay is the gold standard for measuring intracellular Mtb 

growth, because it only measures viable bacteria. It is widely used across studies of Mtb growth 

and susceptibility. In this case, we measured CFU by lysing the host cells and plating the 

bacteria at the 2 hour, 4 day and 7 day timepoints to understand changes in bacterial uptake at 

2 hours and growth kinetics at the two later timepoints. 

Weaknesses: CFU assays have considerable inter-donor variability, especially with 

human donors. Decreases in CFU could be caused by macrophage cell death or detachment or 

by decreased Mtb growth, and it is not clear whether fewer macrophages are infected or 

whether Mtb grows less in each macrophage.  

 Alternative approaches: Microscopy of inducible live-dead reporter Mtb strains (Martin et 

al., 2012) allows quantification of bacterial killing and bacteria per cell by flow cytometry, 

microscopy or ImageStream. Measuring LDH or doing flow cytometry using annexin V or live-

dead staining to measure apoptosis and cell death could clarify the contribution of cell survival 

to changes in the CFU assay, especially in the inhibitor assays. 

 
4.3 Future studies 
 
 
4.3.1 Tropism and CD4 affinity of AM- and plasma-derived HIV 
 
 We plan to extend the study of the macrophage replication capacity of AM-derived and 

plasma-derived HIV strains presented in this thesis. First, we will test the tropism more formally 

by testing strains prepared with BLaM-Vpr on MDMs and activated CD4+ T cells, using the 
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inhibitors MVC and AMD, to produce data similar to Figure 2.4. These data would validate the 

predictions of coreceptor usage from Geno2Pheno in Table 2.4. We have sent cloned viral 

plasmids to Ron Swanstrom and Sarah Joseph at the University of North Carolina for use with 

Affinofile cells, which have titratable expression of CD4 and CCR5 that can span the density of 

CD4 and CCR5 found on MDMs and CD4+ T cells (Johnston et al., 2009; Joseph et al., 2014). 

We have been in touch with them recently, and the experiments are underway. We hope that 

these studies will provide a more in-depth characterization of the coreceptor usage and CD4 

affinity of HIV isolated from tissue macrophages. 

 

4.3.2 HIV integration into the AM nucleus 
 
 In this dissertation, we established that T-tropic HIV is capable of establishing productive 

infection in AM-T cell cocultures in a contact-dependent manner. However, we have not 

ascertained whether HIV is integrated into nuclear DNA of AMs in this setting, or whether AMs 

can serve as a reservoir during ART. Production of replication-competent HIV and SIV from 

AMs has been established (Avalos et al., 2016; Hoshino et al., 2002). These viruses could have 

been archived or only present in the virus containing compartments, which makes it less likely 

that they would continue to release virus for the same length of time as if HIV were integrated 

into the nucleus. This question can be addressed in several ways. One approach that we have 

started using but are continuing to optimize is staining AMs with DNAscope with probes for HIV 

DNA that have been co-cultured with T-tropic HIV-infected CD4+ T cells or exposed to their 

supernatant. With this tool, we could understand whether HIV DNA could be found in the AM 

nucleus with cell-to-cell T-tropic HIV infection. We would use a similar staining panel to that 

used in (Deleage et al., 2016), with staining for HIV DNA probes along with CD3 and CD68 to 

establish the cell boundaries. In addition, we could use a T-tropic reporter HIV strain to infect T 

cells and culture them with macrophages. We would use mCherry as an HIV marker because 

GFP is in the most autofluorescent channel for AMs, stain for AM and T cell markers, and sort 
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for mCherry-positive AMs without T cell markers, mCherry-positive AMs with T cell markers, 

mCherry-negative AMs with T cell markers, and mCherry-negative AMs without T cell markers. 

We could then use nested Alu PCR to detect integrated HIV DNA in each of these populations. 

This technique uses two rounds of PCR, with the first round amplifying from repetitive Alu 

elements found throughout the human genome along with HIV, and the second round amplifying 

within the HIV provirus (Brussel et al., 2005; Butler et al., 2001). The HIV DNAscope and Alu 

PCR assays combined would help answer whether HIV is integrated into AMs under these 

conditions. 

Follow-up studies to these would use similar techniques in AMs from people with ART-

treated HIV to look for integrated HIV in AMs during therapy, which would signal the presence of 

an HIV reservoir. Performing these studies would require a larger number of cells than we had 

access to in this cohort, and would require multiple rounds of purification to ensure lack of 

contamination from CD4+ T cells because the levels of HIV DNA are likely to be quite low in this 

population. The gold standard for establishment of a reservoir in a cell population in AMs would 

involve quantitative viral outgrowth assays from a very pure cell population on ART, similar to 

that performed in (Avalos et al., 2016) in SIV-infected rhesus macaques. A recent study isolated 

replication-competent HIV from urethral macrophages from individuals on ART (Ganor et al., 

2019). If these studies are able to find replication-competent HIV, it would establish AMs as an 

HIV reservoir.  

 

4.3.3 Mechanism of T-tropic HIV transmission from CD4+ T cells to AMs 
 

While we have discovered that T-tropic HIV can productively infect AMs through contact 

with HIV-infected CD4+ T cells (Figure 2.11), the mechanism for this cell-to-cell transmission is 

still unknown. Potential explanations include CD4 clustering at the cell-cell synapse, a higher 

effective viral concentration at the cell-cell synapse, retargeting of HIV from lysosomes to the 
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cytosol, cell-cell fusion, and CD4+ T cell-driven activation increasing the efficiency of productive 

infection. 

To study the role of CD4 localization at the cell-cell synapse, follow-up studies could use 

immunofluorescent microscopy, electron microscopy, or fluorescent resonance energy transfer 

(FRET) using labeled CD4, and block CD4 relocalization using sequestration of cholesterol with 

methyl-b-cyclodextrin, which is important for CD4 mobility involving lipid rafts (Popik et al., 

2002). 

Another mechanism is that the interaction between infected CD4+ T cells and 

macrophages could establish a virological synapse, where HIV buds into the junction between 

the two cells, as is seen in M-tropic transmission from T cells to MDMs (Baxter et al., 2014) and 

from MDMs to T cells (Groot et al., 2008). In these studies, the virological synapse between the 

infected cell and the target cell was similar to the effect of adding increasing concentrations of 

cell-free HIV. Experimental increases in the concentration of HIV virions in cell-free infection 

could mimic the impact of increased effective concentration of HIV at the cell-cell interface. 

To study the impact of HIV targeting to lysosomes, we could stain AMs cultured with T-

tropic HIV-infected CD4+ T cells or their supernatant with the lysosomal marker LAMP-1, CD3, 

CD68 and HIV Gag to see whether HIV is located in lysosomal compartments. We could also 

use time-lapse microscopy to visualize the fate of mCherry-labeled HIV during early timepoints. 

We could study the impact of cell-cell fusion by labeling the HIV-infected T cells with a 

cytosolic dye such as a cell proliferation dye prior to culturing them with the macrophages. This 

would allow us to measure whether this dye would be transferred to macrophages in an HIV-

dependent manner, and whether this transfer be blocked by a fusion inhibitor such as 

enfuvirtide. 

Finally, to address the role of macrophage activation by CD4+ T cells, we propose 

adding uninfected autologous CD4+ T cells before adding HIV, during (but separately from the 

HIV), or after adding HIV. If CD4+ T cell activation is critical to prime the cell for HIV entry, then 
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adding CD4+ T cells before or during infection should increase infection rates; if CD4+ T cell 

activation is required to boost HIV production after entry, adding CD4+ T cells during or after 

infection should increase infection rates. One potential mechanism for this hypothesis is that 

HIV reverse transcription and viral production in M-tropic HIV infected DCs were increased 

when autologous CD4+ T cells were added, which was associated with decreased expression 

of SAMHD1, a host restriction factor, in the DCs (Su et al., 2014). 

Experiments performed in this section would address many of the possible mechanisms 

for the increased efficiency of contact-dependent transmission of T-tropic HIV from CD4+ T cells 

to AMs. 

 

4.3.4 Measurement of recruited macrophages in HIV in a human or animal model 
 
 In this dissertation, we established that beta chemokine levels were increased in the 

lungs of PLWH, that some of these beta chemokines preferentially attract monocytes, and that 

monocytes are more permissive to intracellular Mtb growth than MDMs or AMs. However, we 

did not establish whether there are more monocytes or recruited macrophages (RMs) in the 

lungs of people with untreated HIV. For follow-up work, if it still proves impossible to recruit 

people with untreated HIV for bronchoscopies, we could investigate animal models including 

HIV-infected humanized mice or SIV-infected macaques. We have been in touch with Deepak 

Kaushal at Texas Biomedical Research Institute, who has samples from a cohort of SIV/TB co-

infected macaques (Foreman et al., 2016). We hope to study the impact of SIV on recruitment 

of monocytes to the lung using previously collected samples. A potential future avenue could 

explore whether CCL2 and other beta chemokines could be blocked with intratracheal blocking 

antibodies.  

 
4.3.5 TB growth inside recruited macrophages in an HIV-TB model 
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The next question to test is whether RMs harbor larger amounts of TB in the lungs of 

people or animals with HIV/SIV infection. This model could also be used to study whether AMs 

or RMs harbored higher amounts of intracellular Mtb. A bone marrow-liver-thymus (BLT) NOD-

SCID-Gamma (NSG) humanized mouse model of HIV and TB coinfection exists, but it has 

markedly accelerated and severe pathology (Calderon et al., 2013). BLT mice are also known to 

have suboptimal myeloid reconstitution with human cells, which makes the model not suitable 

for a study focusing on AM and RM responses to HIV. The macaque model is closer to human 

pathophysiology, but may not be feasible for follow-up studies to understand which cells have 

intracellular Mtb or for mechanistic work. An alternative is the surfactant protein C (SPC)-CCL2 

(MCP) mouse, which overexpresses CCL2 under the SPC promoter in the lung (Schreiber et al., 

2008). If this model shows more Mtb replication inside RMs than AMs, similarly to our human 

data, we can start to explore the mechanism of differential TB replication in monocytes and 

AMs. The first step would be single cell RNAseq from both uninfected and infected SPC-MCP 

and littermate wildtype mice to understand baseline transcriptional changes in pathways that 

may affect Mtb, and to identify how Mtb infected cells respond to infection differently. We could 

also perform single cell RNAseq on RMs and AMs from HIV-uninfected people and compare the 

signatures. The next step would involve modulating those pathways by crossing the mice to 

appropriate knockout mice, using small molecule inhibitors, or moving to in vitro experiments 

with RNA interference, CRISPR and overexpression studies. By the end of this part of the study, 

we would hope to have an idea of a mechanism for why monocytes and RMs in the context of 

HIV are more susceptible to intracellular TB growth than AMs. 

 
4.3.6 Validation of AM intracellular targets and TB replication 
 
 

As stated, our findings using small-molecule inhibitors of proteins upregulated by HIV in 

AMs are quite preliminary. The first step would be to validate that these genes are upregulated 

by HIV infection in AMs in vitro using qPCR. The next step is to validate the CFU findings. 
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Microscopy of inducible live-dead reporter Mtb strains (Martin et al., 2012) allows quantification 

of bacterial killing and bacteria per cell by flow cytometry, microscopy or ImageStream. In 

addition, measuring LDH or doing flow cytometry using annexin V or live-dead staining to 

measure apoptosis and cell death could clarify the contribution of cell survival to changes in the 

CFU assay, especially in the inhibitor assays. We would then perturb the gene targets using 

RNA interference, CRISPR, or other inhibitors for at least two methods per gene before infecting 

with Mtb to ensure a robust readout. Finally, we would examine the putative mechanism by 

which the protein affects intracellular Mtb growth. 
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Chapter 5: Materials and Methods 
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5.1 Materials and Methods for Chapter 2 
 
5.1.1 Bronchoalveolar lavage 
 

BAL was collected from a cohort of subjects with HIV infection and uninfected controls in 

Cape Town, South Africa, previously described in (Bunjun et al., 2017). All subjects in the cohort 

had latent TB as defined by positive QuantiFERON Gold and PPD skin tests without signs of 

active TB by X-ray or clinical symptoms. The HIV-infected subjects in the Cape Town cohort 

were asymptomatic, not on ART, and had a median CD4+ T cell count of 571 (interquartile 

range (IQR) 544-676.5) vs. a median CD4+ T cell count of 902 (IQR 801-1159) in HIV-

uninfected people from the same cohort. For in vitro experiments, BAL was also collected from 

a cohort of HIV-uninfected individuals, recruited from outpatient clinics at local Boston hospitals, 

following institutional review board approval and written informed consent (IRB protocol # 

2013P000063). Bronchoscopy was performed under conscious sedation via standard 

technique. For each BAL, samples were collected from lingula and a segment of the right middle 

lobe by washing with 120 mL of normal saline. Peripheral blood from the study subjects was 

obtained at least 7 days before the bronchoscopy and PBMCs were processed and 

cryopreserved. 7 days before the bronchoscopy, autologous PBMCs were thawed, and CD4+ T 

cells were isolated and activated with 2 μg/ml phytohemagglutinin (PHA) for 3 days in order to 

prepare the cells for HIV infection. In addition, peripheral blood from the study subjects was also 

obtained on the same day as the bronchoscopy and all samples were processed immediately. 

 

5.1.2 Cell isolation 
 

AMs from bronchoscopy subjects in the Cape Town and Boston cohorts were isolated by 

20 minutes of adherence (Cape Town) or 1 hour of adherence (Boston). AMs for in vitro infection 

were obtained by adherence for 1 hour, then washed 3 times with PBS and cultured in RPMI with 

10% (v/v) FCS. BAL CD4+ T cells were obtained at bronchoscopy of ART-naïve uninfected 
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subjects using a CD4+ T cell negative selection kit (StemCell EasySep) on non-adherent BAL 

cells. Ficoll gradients were used to isolate peripheral blood mononuclear cells (PBMCs), and 

monocytes and CD4+ T cells were then isolated by CD14+ positive selection (Miltenyi) and CD4+ 

T cell negative selection (StemCell EasySep), respectively. MDMs were obtained by maturing 

monocytes in RPMI with 10% AB human serum for 7 days. Because blood samples from the 

subjects in Cape Town were not available, blood samples were obtained from chronically infected, 

ART-untreated subjects from Boston with matched viral loads, CD4+ counts, and age to the HIV-

infected subjects in the Cape Town cohort. CD4+ T cells were isolated after thawing and were 

used for PCR-based HIV detection assays.  

 

5.1.3 Measurement of HIV nucleic acids  
 

For measurement of HIV RNA and DNA, AMs were stored in RNAlater for shipment at -

20C. After thawing, they were centrifuged, the RNAlater was removed by pipetting, and the cells 

were lysed in RLT Plus lysis buffer (QIAGEN) with 1% beta-mercaptoethanol. The lysate was 

run through QIAShredder columns (QIAGEN), isolated with AllPrep Micro DNA/RNA kits 

(QIAGEN) following the manufacturer’s protocols, and eluted in 20 μl nuclease-free H2O for 

RNA or 50 μl EB buffer for DNA and quantified with NanoDrop (Thermo Scientific). HIV Gag 

primers were used to obtain the number of copies of HIV RNA and DNA, and CCR5 primers 

were used to determine the number of cells per sample using TaqMan PCR (Malnati et al., 

2008). For quantification of HIV Gag RNA, the HIV Gag primers SK145 (forward): 

AGTGGGGGGACATCAAGCAGCCATGCAAAT and SK431 (reverse): 

TGCTATGTCACTTCCCCTTGGTTCTCT were used at 0.5 μM final concentration, along with 5 

μl QuantiFast SYBR Green mastermix and 0.1 μl reverse transcriptase mix (QIAGEN) with 2 μl 

sample RNA in 10 μl total volume in duplicate (Michael et al., 1999). PCR thermocycling was 

performed on a Viia7 cycler (Applied Biosystems) with the following conditions: 10 minutes at 

50°C, 5 minutes at 95°C, 55 cycles of 10 seconds at 95°C and 30 seconds at 60°C, 15 seconds 
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at 95°C, 15 seconds at 60°C, ramp to 95°C with continuous fluorescence acquisition for the 

melting curve, and cooling for 30 seconds at 40°C. Copies per volume were determined by 

comparing to a standard curve prepared from a purified restriction digested HxB2 plasmid, 

kindly provided by Karen Power. For quantification of HIV Gag DNA, the primers HIV-FOR 

(forward): TACTGACGCTCTCGCACC, HIV-REV (reverse): TCTCGACGCAGGACTCG, and 

Probe: 5’ FAM-CTCTCTCCTTCTAGCCTC-MGB 3’ (Life Technologies) were used. For 

quantification of cellular DNA, the CCR5 primers CCR5 F (forward): 

ATGATTCCTGGGAGAGACGC, CCR5 R (reverse): AGCCAGGACGGTCACCTT, and Probe: 5’ 

FAM-AACACAGCCACCACCCAAGTGATCA-BHQ (Sigma) were used (Malnati et al., 2008). 

The samples were prepared with 0.3 μM (primers) or 0.2 μM (probe) final concentration, along 

with 12.5 μl TaqMan Universal Mastermix and 10 μl sample DNA in a 25 μl total volume in 

triplicate. Cycling was performed on a Viia7 cycler with the following conditions: 15 minutes at 

95°C, and 40 cycles of 15 seconds at 95°C and 1 minute at 60°C. Copies per volume were 

determined by comparing to a standard curve prepared from preamplification of a purified 

restriction digested HxB2 plasmid for HIV gag, or from PBMCs from an HIV-uninfected donor for 

CCR5 (divided by 2 because there are two copies per cell) to determine the number of cells per 

μl. Both HIV RNA and HIV DNA copies per million cells were determined by dividing the Gag 

copies/μl by the number of cells/μl x 106. 

 

5.1.4 Flow cytometry 
 

Human cells from ex vivo or in vivo experiments were resuspended in FACS buffer (PBS 

+ 1% FCS) and centrifuged for 3 min at 500 x g at 4°C. Cell pellets were stained with antibodies 

against cell surface antigens and with blue viability dye (Invitrogen fixable viability dye) to 

exclude dead cells from analysis, for 10 min at room temperature (RT). For analysis of T cell 

and macrophage HIV receptor expression, cell pellets were stained with anti CD3 (UCHT1), 
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CD4 (RPA-T4), CCR5 (2D7), CXCR4 (12G5), CD163 (GHI/61), and CD14 (15-2). Cells were 

blocked with 5 μl of Human TruStain FcX Fc Receptor Blocking Solution (BioLegend) for 5 

minutes at RT, then stained for 10 minutes with the anti-CCR5 antibody at 37°C before adding 

the other antibodies and viability dye for 10 minutes at RT. Cells were stained for intracellular 

HIV gag p24 by incubating cells with saponin FACS buffer (PBS + 0.1% saponin + 10% FCS) 

for 15 minutes at RT, followed by a washing step and 1% paraformaldehyde for 15 minutes at 

RT, followed by a washing step with PBS and addition of an antibody binding HIV p24 (KC57) 

and incubated for 15 min at 4°C prior to addition of viability dye. Cells were fixed with 2% PFA 

before running on a 4 laser LSR Fortessa flow cytometer (BD Biosciences) within 4 hr. Flow 

data were analyzed with FlowJo (TreeStar) using fluorescence minus one controls to set gates. 

 

5.1.5 In vitro HIV infection 
 

Cells were infected with CCR5-using T-tropic (JR-CSF) or CCR5/CXCR4 dual using M-

tropic (89.6) HIV constructs (plasmids from NIH AIDS reagent program). For quantification of 

entry, the JR-CSF and 89.6 viruses were produced with the BLaM-Vpr reporter plasmid (Cavrois 

et al., 2014). Production of HIV was performed by transfecting viral plasmids with Hilymax 

(Dojindo) into HEK293T cells (ATCC) and incubated overnight at 37°C and 5% CO2. Cell 

culture supernatants were removed and replaced with fresh DMEM + 10% FCS media for 48 

hours. Cell culture supernatants were removed and centrifuged at 500 x g for 10 minutes at 4°C, 

and concentrated 50 times with PEG-it (System Biosciences) according to the manufacturer’s 

instructions. Supernatants were aliquoted and frozen down at -80°C until further usage. Titers of 

HIV infectious particles/ml were determined by infection of CD4, CCR5 and CXCR4-expressing 

GHOST cells (NIH AIDS Research and Reference Reagent Program) (Kwon et al., 2002). 

The HIV fusion assay was performed by infecting 100,000 cells with 100,000 infectious 

units of BLaM-Vpr HIV in a polypropylene FACS tube in a total volume of 100 μl after 1 hour of 
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pretreatment with DMSO, 40 μM maraviroc (MVC), or 250 nM AMD3100 (AMD). The cells were 

incubated at 37°C for 12 hours, then washed three times. Staining was performed by adding 

CCF2-AM along with Fixable Viability Dye eFluor 780 (eBioscience) to the cells and assaying 

for cleavage by flow cytometry (Cavrois et al., 2014). 

For cell-free infection experiments, 20,000 infectious units of HIV were added to 100,000 

cells (MDMs, T cells or AMs) in 100 μl total volume for 12 hours at 37°C, then washed three 

times with PBS and replaced with 200 μl media. They were then maintained in culture at 37°C 

for up to 14 days, and supernatant was collected for p24 measurement at day 1 (1 hour after 

changing media), day 2, day 7 and day 14. HIV p24 levels were measured by p24 ELISA 

(PerkinElmer) following the manufacturer’s instructions. 

For cell-to-cell experiments with HIV-infected T cells, EasySep-selected CD4+ T cells 

from matched donors were activated with 2 ug/ml PHA-P and 50 units/ml IL-2 for three days, 

then counted and plated with 100,000 cells/well in a 96 well V-bottom plate. 20,000 infectious 

units of HIV were added to 100,000 cells in each well and spin-infected by centrifugation at 800 

x g for 90 minutes at 4°C, then cultured for 12 hours at 37°C. The cells were then washed and 

the media was replaced with 200 μl RPMI with 10% FCS and 50 units/ml IL-2 (R10/50) (Corleis 

et al., 2019). On day 4 after infection (7 days after the T cells were isolated), autologous 

infected or mock-infected T cells were added to MDMs or AMs. First, the HIV-infected or mock 

infected T cells were spun at 500 x g for 3 minutes, the supernatant was collected, and the T 

cells were counted and resuspended in R10/50. Then macrophages and T cells were pre-

treated with DMSO or 100 nM Efavirenz (EFV) for 1 hour at 37°C. Finally, supernatant from the 

infected T cells or washed T cells at a ratio of 1 T cell to 1 macrophage was added to the 

macrophage wells in three conditions: supernatant (SN), T cells added directly (cell-to-cell or 

CTC), or T cells added across a 0.4 μm transwell from Corning (TW; Transwell Costar), for 3 

hours. The macrophages were washed three times for 60 seconds each with ice cold PBS 
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containing 10 mM EDTA and afterwards cells were cultured in fresh RPMI with 10% FCS +/- 

EFV. Macrophages were cultured at 37°C and 5% CO2 for up to 14 days, and supernatant was 

collected for p24 measurement at day 0 (1 hour after changing media), day 2, day 7 and day 14. 

p24 levels were measured by p24 ELISA. 

 

5.1.6 HIV primary isolate sequencing 
 
 Viral RNA was extracted from 140 µl of plasma and BAL fluid using a QIAamp viral RNA 

minikit (QIAGEN), and cDNA copies of the vRNA were generated by reverse transcription using 

the SuperScript III protocol (Invitrogen). Nested PCR was performed for the env gene as 

described in (Balazs et al., 2014). The primers used in these reactions were 5′-

GCAATAATTGTGTGGTCCATAGTACTCATAGAATATAGGA and 3′-

CCCTATCTGTTGCTGGCTCAGCTCGTC for the first round and 5′-

AAAATAGATAGGTTAATTGATAAAATAAGAGAGAGAGCAGAAGACAG and 3′-

TCATTCTTTCCCTTACAGTAGACCATCCAGGC for the second round, targeting the env gene 

of HIV JR-CSF strain (Balazs et al., 2014). The second-round PCR product was purified by 

agarose gel electrophoresis and gel extraction (Bioland), and the product was cloned by 

homologous recombination into a pHDM vector using the In-Fusion HD Cloning kit (Clontech). 

The product was transformed into DH5a competent cells, and positive clones were selected for 

sequencing on an Illumina MiSeq. Envelope sequences were analyzed using the Geneious 

package (www.geneious.com).  

 
5.1.7 HIV primary isolate cloning 
 

22 Env isolates were selected to represent the diversity of sequences from the 3 donors: 

2 from donor 1 AMs, 2 from donor 1 plasma, 3 from donor 2 AMs, 3 from donor 2 BAL, 2 from 

donor 2 plasma, 3 from donor 3 AMs, 2 from donor 3 BAL, and 5 from donor 3 plasma. pNL4-3 

delta Env GFP was obtained from David Collins, and digested using EcoRI and BamHI 
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restriction endonucleases (New England Biolabs), with 1 µg DNA, 10 units EcoRI, 10 units 

BamHI and 5 µl CutSmart buffer in 50 µl total volume for 1 hour at 37C, and was gel purified 

using a QIAquick gel extraction kit and quantified with Nanodrop. The amplicons were PCR 

amplified from the pHDM vectors using Env_pNL43 (forward) 5’-

GCCATAATAAGAATTCATGAGAGTGACGGGGA-3’ and Env_pNL43 (reverse) 5’-

TAAGTGCTAAGGATCCTTATAGCAAAGCTGCTTCAA-3’. PCR was performed with 12.5 µl 

CloneAmp HiFi PCR Premix, 0.5 µL of 10 µM primer mix and 100 ng of template DNA in 25 µL 

total volume. Cycling was performed with the following conditions: 5 minutes at 95°C, and 40 

cycles of 30 seconds at 98°C, 30 seconds at 64°C, and 3 minutes at 72°C, followed by 7 

minutes at 72°C. The products were gel purified with the QIAquick gel extraction kit and 

quantified with Nanodrop. The products were cloned by homologous recombination into a 

pHDM vector with the In-Fusion HD Cloning kit (Clontech). 1 µL In-Fusion HD Enzyme Premix, 

2.5 µL (50 ng) of purified PCR product, 1 µL (10 ng) of linearized pNL4-3 plasmid, and 0.5 µL 

water were combined and incubated for 15 minutes at 50°C and used to transform OneShot 

Stbl3 chemically competent cells (Invitrogen). Three colonies were picked per isolate, grown 

into cultures and prepared with MiniPrep (QIAGEN), and plasmids were screened with 

restriction digestion. One clone per isolate was sequenced at the MGH sequencing core, and all 

22 isolates had 100% sequence identity with the original pHDM clones. HEK293T cells were 

transfected with the constructs and HIV stocks were produced, frozen and titered on GHOST 

cells as above. All Stbl3 bacterial cultures were grown at 30°C to minimize lentiviral 

recombination; DH5a cultures were grown at 37°C. 

 
5.1.8 Microscopy 
 

Poly-L-lysine coated coverslips were placed in 24 well plates and used to culture MDMs 

and AMs with JR-CSF-infected autologous CD4+ T cell SN or CTC as described above. Cells 
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were fixed with 4% paraformaldehyde for 30 minutes, permeabilized with 0.1% saponin for 5 

minutes, blocked with 1% BSA for 20 minutes, and stained with antibodies to HIV Gag-FITC 

(Coulter Clone) at a 1:200 dilution, CD3 (rabbit polyclonal, Dako) at a 1:250 dilution, and CD68 

(KP1, BioCare Medical) at a 1:100 dilution at 4°C overnight. The secondary antibodies Alexa 

Fluor 568 Goat anti-Rabbit and Alexa Fluor 647 Goat anti-Mouse (Invitrogen) were added at a 

1:100 dilution for 30 minutes at room temperature in the dark, and then the slides were washed 

and stained with DAPI for 5 minutes and mounted with ProLong Diamond mounting media. 

Slides were scanned with a TissueFAXS Confocal microscope at 63x with oil immersion. Image 

analysis involved counting 100 cells from each slide on a single Z-stack image and classifying 

each cell as CD68+/-, CD3+/-, and Gag+/-, and if Gag+, whether it was present in CD68+ 

and/or CD3+ areas of the cell. 

 

5.2 Materials and Methods for Chapter 3 
 

5.2.1 Population RNAseq 
 

We sequenced and analyzed samples from the Cape Town cohort, including 14 subjects 

from the HIV-uninfected and 15 subjects from the HIV-infected group. AMs were isolated from 

BAL by letting cells adhere for 20 min and washing off the non-adherent cells. Purified 

macrophages were lysed in RLT Plus lysis buffer with 1% beta-mercaptoethanol and RNA 

extracted using the QIAGEN AllPrep DNA/RNA Micro kit. Library preparation was performed 

using the NEBNext Ultra RNA Library Prep Kit for Illumina, and libraries were sequenced on a 

NextSeq sequencer from Illumina. Sequences were analyzed as described in Trapnell et al 

(Trapnell et al., 2012). All reads were aligned to a reference database consisting of all human 

RefSeq mRNA sequences (obtained from the UCSC Genome Browser hg19). Significance was 

tested by CuffDiff. 
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5.2.2 Detection of HIV sequences in RNAseq data 
 

HIV-1 genomes were assembled using a published and freely available pipeline called 

viral-ngs (Park et al., 2015), described in more detail at https://viral-

ngs.readthedocs.io/en/latest/. Briefly, samples were demultiplexed, and reads from human and 

known laboratory microbial contaminants were removed. All HIV-1 reads from a sample were 

aligned to the 2016 set of “compendium” reference assemblies (81 sequences) from Los 

Alamos National Labs, and were then aligned to the HxB2 HIV reference sequence for 

determination of genetic information. HIV reads per sample were divided by total reads for 

quantitation. 

 
5.2.3 Electrochemiluminescence (ECL) 
 
 1 ml of BAL fluid and 1 ml of plasma from each donor from the Cape Town cohort were 

sent to the Catalyst Clinical Research Center at MGH for ECL testing for the following cytokines 

and chemokines: IL-12p70, IFN-g, IL-10, IL-13, IL-1b, IL-2, IL-4, IL-6, IL-8, TNF-a, Vitamin D 

binding protein, CCL26, CCL11, CXCL8, CXCL10, CCL2, CCL3, CCL4, and CCL17. 

 
5.2.4 Transwell assay with chemokines 
 
 
 The chemotactic ability of PBMCs towards chemokines was assayed using a 96 well 

double-chamber system with 5 μm pores (Transwell Costar). Serial dilutions of chemokines 

were prepared with 1000 ng/μl, 100 ng/μl, or 10 ng/μl of chemokine with a no chemokine control 

in RPMI + 10% FCS. 235 μl of chemokines were added to the lower chamber. 100,000 PBMCs 

were added to the insert in 75 µl media and incubated for 3 hours at 37°C with 5% CO2. Inserts 

were removed and the lower chambers were resuspended, transferred, centrifuged for 3 

minutes at 500 x g at 4°C, and resuspended with antibodies in the following panel for 20 

minutes at room temperature with 1 μl per antibody: DHR123 on FITC and PE, CD14 (M5E2) on 

Alexa 700, CD8 (SK1) on APC, CD66b (G10F5) on PerCP-Cy5.5, CD16 (3G8) on APC-Cy7, 
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CD4 (RPA-T4) on BV605, CD45 (HI30) on BV570, CD3 (UCHT1) on PE-Cy7, and 50 µl blue 

viability dye. Cells were washed with FACS buffer and fixed with 2% paraformaldehyde (PFA). 

25 μl of Countbright counting beads were added and samples were run on a 5 laser LSR 

Fortessa flow cytometer (BD Biosciences) within 4 hr. Flow data were analyzed with FlowJo 

(TreeStar). 

 
5.2.5 Colony forming unit (CFU) assay 

 

For CFU assays, MDMs were differentiated in RPMI with 10% (v/v) AB human serum 

without penicillin/streptomycin. After the indicated number of days (5 or 12 for MDM infection or 

7 for inhibitors), the media was replaced with RPMI with 10% FCS. M. tuberculosis Live/Dead-

H37Rv (Martin et al., 2012) was grown at 37°C in Middlebrook 7H9 medium (Difco Laboratories) 

containing 0.5% glycerol and 0.05% Tween 80 and supplemented with 10% oleic acid-albumin-

dextrose-catalase supplement (OADC; BD) or on Middlebrook 7H10 plates (Difco Laboratories) 

supplemented with 10% OADC. Monocytes or MDMs were seeded with 100,000 cells/well in 

triplicates for each condition onto 96-well culture plates. For the experiments with inhibitors, 

MDMs were pre-treated with WIN18,446 (Tocris) at 3 µM and 2-(alpha-

Naphthoyl)ethyltrimethylammonium iodide (a-NETA; Abcam) at 4 µM for 1 hour and then the 

inhibitors were used in the media after infection with Mtb; (E)-3,4,5,4′-Tetramethoxystilbene 

(TMS; Sigma) was used at 1 µM and Darapladib (Cayman Chemicals) was used at 100 nM after 

Mtb infection. Mtb cultures were grown to the mid-exponential phase for 4 days. 10 mL of 

bacterial culture was centrifuged for 5 minutes at 3500 rpm and resuspended in a total volume 

of 10 ml RPMI + 10% FCS, and filtered through a 0.02 micron filter into a new Falcon tube. The 

bacterial culture was diluted 1:50 in RPMI + 10% FCS. MDMs were infected at a multiplicity of 

infection (MOI) of 0.1 by adding 100 µL of diluted Mtb per well and incubating for 1 hour at 

37°C. After incubation, the supernatant was removed and cells were washed three times with 
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PBS, and media was replaced with fresh RPMI + 10% FCS. The first timepoint was harvested at 

2 hours after infection, and subsequent timepoints were collected at 4 days and 7 days after 

infection. On those days, supernatant was removed and cells were lysed in 100 µL 0.05% 

Triton-X in PBS for 5 minutes. The lysate was then diluted 10 fold, 100 fold and 1000 fold in 

PTA (PBS + 1% Tween-80 + 1% BSA). 100 µL of the 100 and 1000 fold dilutions were plated 

for each replicate on complete 7H10 plates. Agar plates were incubated for 2-3 weeks at 37°C 

and the number of colonies per plate were counted. Triplicate plates were averaged, and CFU 

were calculated and plotted as the mean CFU per well from triplicate wells. 

 
5.2.6 Quantification and statistical analysis 
 
 Statistical details of experiments can be found in each figure legend. Nonparametric 

tests were used to compare medians between groups unless noted otherwise. The Mann-

Whitney test was used for 2 groups and the Kruskal-Wallis test followed by Dunn’s multiple 

comparison post test was used for > 2 groups. Wilcoxon signed rank was used to compare 

continuous data between two time points. Spearman’s correlation coefficients were used to 

examine associations between variables. Differences were considered significant at p < 0.05. 

HYPHY (https://hyphy.org/) was used to study viral compartmentalization, Geno2Pheno 

(https://coreceptor.geno2pheno.org/) was used to predict coreceptor usage, CuffDiff (http://cole-

trapnell-lab.github.io/cufflinks/cuffdiff/) was used to quantify differential expression, and 

ToppGene (https://toppgene.cchmc.org/) and Ingenuity Pathway Analysis 

(https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis/) were used to 

identify differentially expressed pathways. Prism 8 (Graphpad) was used for all other analyses. 
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Table A1 Patient clinical characteristics for the cohort described in the cohort described in 
Table 2.1. CD4+ T cell count is in cells/µL; pVL, plasma viral load; BAL VL, bronchoalveolar 
lavage viral load; QFT result, Quantiferon TB test result; % AM, % of BAL cells that were 
alveolar macrophages (AMs) before adherence; % Lymphocytes, % of BAL cells that were 
lymphocytes before adherence; % Neutrophils, % of BAL cells that were neutrophils before 
adherence by flow cytometry. 
 

 
 
  

PID HIV status Age Gender CD4 count pVL BAL VL

Purity of 
adhered AM 
under cytospin 

(%)

QFT result %AM %Lymphocytes % Neutrophils

1032 ‾ 21 F ND NA NA 100 7.67 91 9 0
1058 ‾ 35 F 866 NA NA 100 1.16 98 1 1
1011 ‾ 27 M 801 NA NA 99 4.21 92.3 2.9 4.8
1140 ‾ 28 M 423 NA NA ND 1.07 96.4 1.8 1.8
1014 ‾ 25 F 1159 NA NA 99 13.23 95 6 0
1023 ‾ 18 F 1120 NA NA ND 8.45 97 1.9 0.9
1007 ‾ 18 F 1319 NA NA 99 3.03 96.1 2.9 1
1066 ‾ 38 F 621 NA NA 100 1.32 92 6 2
1060 ‾ 24 F 902 NA NA 100 5.18 98 1 1
1024 ‾ 24 M 939 NA NA 99 10.81 96 4 0
1031 ‾ 19 F 1169 NA NA 100 10.96 92 6 2
1047 ‾ 26 M 680 NA NA 100 15.12 96 4 0
1052 ‾ 26 F 1412 NA NA 100 9.67 96 2 2
1057 ‾ 21 M 871 NA NA 100 1.41 97 3 0
1076 + 26 F 543 908 40 99 2.83 63.0 34.0 2.4
1152 + 31 F 571 9697 243 99 1.97 95.0 4.0 1.0
1151 + 27 F 749 40 0 99 2.97 98.0 2.0 0.0
1134 + 37 F 599 6383 51 ND 2.52 91.7 6.9 1.3
1137 + 27 F 560 18797 0 ND 2.06 96.5 2.6 0.9
1005 + 52 F 604 94 0 100 3.03 99.0 1.0 0.0
1131 + 32 M 785 331 0 98 4.17 97.3 1.8 0.5
1133 + 30 F 511 40 0 98 1.695 98.8 0.8 0.4
1080 + 52 F 774 14100 40 99 >10 95.0 5.0 0.0
1074 + 35 F 478 10094 495 ND 16.07 75.0 22.0 3.0
1075 + 31 F 965 5923 51 100 15.55 98.0 2.0 0.0
1079 + 34 F 591 32485 592 100 >10 72.8 21.8 5.0
1119 + 30 M 545 580150 9322 98 0.965 90.6 7.6 1.8
1129 + 32 F 510 4559 40 ND 8.07 96.2 2.3 1.4
1141 + 32 F 552 9826 40 ND 2.49 95.4 4.1 0.5
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Table A2 HIV nucleic acid detection by subject. HIV Gag RNA or DNA copies per 106 cells 
were determined by qRT-PCR, and HIV reads in RNAseq were determined as in (Park et al., 
2015) in AMs. The listed subjects are from people with HIV RNA and DNA available for HIV 
detection from the cohort described in Table 2.1.  
 

 
 
 
  

Sample ID Cell type HIV 
status

Plasma 
viral load

CD4 
count

# cells in 
sample

HIV RNA / 106 

cells
HIV DNA / 106 

cells

HIV reads 
in 

RNAseq

Total 
RNAseq 
reads

HIV reads / 
total reads HIV Env sequenced?

1047 AM Neg 0 680 <1 n/a n/a n/a No
1011 AM Neg 0 801 1377 0 0 0 12133230 0 No
1140 AM Neg 0 423 <1 n/a n/a n/a No
1133 AM Pos 40 511 799 0 9158 0 16304828 0 No
1151 AM Pos 40 749 1643 0 0 0 6211090 0 No
1005 AM Pos 94 604 818 0 4766 0 16089454 0 No
1131 AM Pos 331 785 1045 0 0 0 6945216 0 No
1076 AM Pos 908 543 1466 0 0 0 9620636 0 No
1129 AM Pos 4559 510 <1 292 158355852 1.84395E-06 No
1075 AM Pos 5923 965 692 0 0 0 137333406 0 No
1134 AM Pos 6383 599 2017 0 809 0 7763130 0 No
1152 AM Pos 9697 571 <1 0 11227152 0 No
1074 AM Pos 10094 478 1043.749117 758192.7456 6051.000768 4 74677524 5.35636E-08 No
1080 AM Pos 14100 774 841 195215.7143 0 0 14531484 0 Yes- AM and plasma
1137 AM Pos 18797 560 751 112032.8521 0 0 17433586 0 Yes- AM, BAL and plasma
1119 AM Pos 580150 545 1991.281366 1294516.873 758.39124 454 147412920 3.07978E-06 Yes- AM, BAL and plasma
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Figure A1 Visualization of HIV mutations across Env from patient-derived isolates. Env 
sequences were aligned with the Los Alamos Simple Consensus Maker 
(https://www.hiv.lanl.gov/content/sequence/CONSENSUS/SimpCon.html) and then visualized 
with Highlighter (https://www.hiv.lanl.gov/cgi-bin/HIGHLIGHT/highlighter.cgi). (A) Sequences 
from donor 1 showed little heterogeneity within AM or within plasma derived sequences. (B) 
Sequences from donor 2 had more variation in the lower parts of the tree. (C) Sequences from 
donor 3 had recognizable compartmentalization.  
  

1080 (Donor 1) 1119 (Donor 2)

1137 (Donor 3)

A B

C
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Table A3 Differentially expressed genes in HIV-infected compared to HIV uninfected 
subjects. HIVneg, people without HIV infection as in Table A1; HIVpos, people with HIV 
infection as in table A1. Gene counts are measured in FPKM, fragments per kilobase per million 
reads, and statistics are from the CuffDiff package. 
 

Gene HIVneg (FPKM) HIVpos (FPKM) Fold change q value 
HBA2 25.205 1.243 0.049 0.016 
HBB 282.541 15.948 0.056 0.004 

SCGB3A1 337.556 29.736 0.088 0.004 
MIR3916 18.647 2.466 0.132 0.004 
LCN2 18.857 3.003 0.159 0.004 

SCGB1A1 400.383 64.260 0.160 0.004 
SLC44A4 4.276 0.689 0.161 0.031 
PIGR 10.656 1.723 0.162 0.004 
MSMB 79.737 13.033 0.163 0.004 

TRAPPC4 525.943 87.497 0.166 0.004 
CTGF 3.564 0.597 0.168 0.021 
MUC1 5.259 0.919 0.175 0.004 
WFDC2 40.277 7.733 0.192 0.004 
TSPAN1 12.332 2.489 0.202 0.004 

- 9.220 1.949 0.211 0.011 
BPIFB1 36.740 7.974 0.217 0.004 
WHSC2 44.712 10.592 0.237 0.004 
ALDH1A2 31.083 7.496 0.241 0.004 
CLDN4 5.655 1.651 0.292 0.018 
TACSTD2 5.700 1.672 0.293 0.004 
SLPI 29.814 9.210 0.309 0.004 
KRT19 7.762 2.417 0.311 0.011 
TPPP3 14.783 4.838 0.327 0.004 
KRT8 6.001 2.092 0.349 0.011 
SRSF2 214.177 79.567 0.372 0.004 
- 951.468 358.217 0.376 0.004 

BACE2 6.687 2.592 0.388 0.004 
A4GALT 11.260 4.482 0.398 0.004 
TAF1D 53.921 23.611 0.438 0.004 
RPS4Y1 55.051 24.955 0.453 0.018 
CEACAM1 4.502 2.205 0.490 0.013 

- 17365.400 8544.770 0.492 0.004 
LOC285972 9.988 5.312 0.532 0.016 
LAIR2 128.805 68.680 0.533 0.013 
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WFIKKN2 6.025 3.352 0.556 0.026 
- 39.233 21.970 0.560 0.004 

AK1 16.052 9.258 0.577 0.004 
JAKMIP2 17.276 10.416 0.603 0.004 
CACNB3 13.157 7.984 0.607 0.008 
DZIP1L 8.918 5.448 0.611 0.011 
CHDH 15.526 9.683 0.624 0.011 
C1orf63 54.684 35.665 0.652 0.013 
OVCH1 12.968 8.541 0.659 0.048 
CPE 60.779 41.391 0.681 0.004 
PAQR5 17.272 11.917 0.690 0.013 
EMR3 34.458 24.140 0.701 0.026 

ZMYND15 43.418 30.560 0.704 0.011 
APP 56.178 40.140 0.715 0.013 
PLCB2 65.417 47.246 0.722 0.004 
NEAT1 88.776 64.342 0.725 0.044 
PTGER4 31.657 42.002 1.327 0.044 
EMP3 221.677 294.865 1.330 0.035 
C3AR1 52.400 71.106 1.357 0.024 
STAT1 61.403 83.805 1.365 0.026 
AQP9 42.116 57.552 1.367 0.011 
GBP2 39.591 54.178 1.368 0.018 
HLA-H 194.842 266.827 1.369 0.011 
HLA-F 195.613 268.145 1.371 0.008 
DUSP6 22.683 31.473 1.388 0.031 
KLF10 16.522 22.974 1.391 0.050 
NFAM1 16.827 23.463 1.394 0.031 
SGK1 31.457 44.319 1.409 0.016 

TNFSF13B 16.337 23.025 1.409 0.033 
FYB 18.924 26.938 1.423 0.008 
OPTN 16.342 23.645 1.447 0.011 

PLEKHO1 29.468 42.734 1.450 0.008 
MMP14 37.329 54.362 1.456 0.004 
ATP2B4 3.598 5.274 1.466 0.046 
CFD 213.896 313.933 1.468 0.004 

ZFP36L1 21.592 31.791 1.472 0.004 
MS4A6A 56.211 83.154 1.479 0.004 
ITGA4 6.061 8.985 1.482 0.046 
ISG15 130.079 192.985 1.484 0.004 
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RHOB 75.818 113.912 1.502 0.004 
RUNX3 7.912 11.922 1.507 0.011 
ANPEP 65.613 99.108 1.510 0.004 
SDC3 6.431 9.754 1.517 0.011 
BCAT1 3.571 5.422 1.518 0.013 
LHFPL2 17.565 26.840 1.528 0.004 
HLA-A 1003.180 1539.840 1.535 0.004 
ITGB7 14.137 21.852 1.546 0.004 
FPR3 41.146 63.779 1.550 0.004 
IL7R 25.531 39.778 1.558 0.004 
BTG2 36.728 57.268 1.559 0.004 
NR4A1 15.953 25.008 1.568 0.029 
TCN2 26.589 42.197 1.587 0.004 
NLRC5 4.739 7.524 1.588 0.004 
EMP1 11.776 18.911 1.606 0.004 
ABCA1 3.210 5.161 1.608 0.008 
RASSF2 3.452 5.575 1.615 0.029 
EGR1 19.215 31.145 1.621 0.042 
GBP1 27.892 45.407 1.628 0.004 
HSPA1B 27.081 44.119 1.629 0.004 
IER3 21.003 34.912 1.662 0.033 
SDC2 6.582 10.989 1.670 0.035 
CXCR4 23.943 40.023 1.672 0.004 
ZFP36 87.685 146.612 1.672 0.004 
ATF3 17.131 28.833 1.683 0.011 
VAMP5 29.282 49.532 1.692 0.013 
JUNB 180.748 306.269 1.694 0.004 
SEMA6B 9.808 16.682 1.701 0.048 
HCP5 10.554 18.073 1.712 0.004 
TAGAP 9.755 16.815 1.724 0.004 
GPX3 48.321 85.919 1.778 0.004 
STAB1 2.813 5.041 1.792 0.033 
GBP5 9.617 17.319 1.801 0.004 
CCND2 1.896 3.415 1.801 0.016 
CD300E 2.830 5.115 1.807 0.018 
CD69 13.241 24.124 1.822 0.046 
MGST1 35.300 64.454 1.826 0.018 
RGS2 14.991 27.594 1.841 0.008 
CCR5 5.529 10.281 1.859 0.004 
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MREG 2.577 4.837 1.877 0.042 
FOS 139.841 263.806 1.886 0.004 
GCH1 3.493 6.644 1.902 0.033 
NR4A2 6.364 12.288 1.931 0.033 
CORO1A 26.347 51.251 1.945 0.004 
SOCS3 14.819 29.175 1.969 0.004 
MARCKS 3.466 6.846 1.975 0.004 
DUSP1 119.752 239.890 2.003 0.004 
ITGA3 2.363 4.769 2.018 0.004 
CCL2 15.701 31.754 2.022 0.013 
DUSP2 10.811 22.090 2.043 0.004 
KLF2 27.441 56.235 2.049 0.004 
LGMN 34.298 71.710 2.091 0.004 
CCL18 531.835 1124.080 2.114 0.004 
SPARC 43.531 92.950 2.135 0.004 
RNASE1 25.290 55.452 2.193 0.004 
IL2RB 2.550 5.647 2.214 0.004 
ITK 1.508 3.408 2.260 0.013 
ETS1 3.423 7.835 2.289 0.004 
CD2 6.718 15.433 2.297 0.004 
CCL3 11.816 27.302 2.311 0.035 
A2M 16.242 37.906 2.334 0.004 
LBH 2.432 5.722 2.352 0.004 
RGS1 15.509 36.953 2.383 0.004 
IFITM1 7.039 17.126 2.433 0.048 
OSM 5.876 14.315 2.436 0.011 
ITM2C 2.083 5.173 2.483 0.016 

TMEM176B 13.835 35.251 2.548 0.013 
- 3.113 8.147 2.617 0.008 

ANXA6 4.498 12.165 2.705 0.004 
CD48 9.499 26.286 2.767 0.013 
DEFB1 14.262 39.629 2.779 0.021 
F13A1 2.453 6.850 2.792 0.004 
PLA2G7 3.875 10.843 2.798 0.018 
SEPP1 6.864 19.325 2.815 0.004 
LCK 3.213 9.050 2.817 0.004 
CHI3L1 3.673 10.512 2.862 0.004 
ARL4C 3.375 9.694 2.872 0.004 
GNG2 1.146 3.342 2.915 0.004 
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CXCL9 3.356 9.789 2.916 0.004 
- 6.270 18.289 2.917 0.004 
- 3.410 9.955 2.920 0.013 

IFI27 169.290 508.680 3.005 0.004 
CD3E 5.834 18.318 3.140 0.004 
CCL4 7.488 24.714 3.301 0.004 
IL32 16.802 56.545 3.365 0.004 

SLAMF7 2.127 7.475 3.515 0.004 
CXCL10 6.180 21.874 3.539 0.004 
CCL13 6.447 25.340 3.930 0.004 
GZMB 1.963 7.985 4.067 0.037 
CCL5 13.539 55.546 4.103 0.004 
CD8A 4.138 17.170 4.149 0.004 
GZMH 2.175 9.442 4.342 0.018 
- 1.119 4.980 4.452 0.004 

GZMA 4.049 18.775 4.637 0.004 
NKG7 7.307 35.339 4.836 0.004 
GZMM 1.569 7.708 4.912 0.033 
SLC40A1 1.134 5.896 5.200 0.004 
IGJ 1.321 7.744 5.864 0.004 

CYP1B1 1.137 6.684 5.876 0.004 
CCNYL1 7.788 47.471 6.096 0.004 
IFNG 1.070 7.025 6.566 0.035 
- 10.652 81.519 7.653 0.004 
- 1.365 27.311 20.007 0.004 
- 2.217 55.721 25.138 0.004 
- 18.870 931.170 49.347 0.004 
- 34.177 1935.770 56.640 0.004 

MIR612 1.359 81.130 59.717 0.004 
- 0.000 311.498 #VALUE! 0.004 
- 0.000 330.602 #VALUE! 0.013 
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Table A4 Differentially expressed genes in people with detectable HIV RNA by qPCR 
compared to HIV-infected subjects without detectable HIV RNA. RNAneg, people without 
detectable HIV RNA; RNApos, people with detectable HIV RNA. Gene counts are measured in 
FPKM, fragments per kilobase per million reads, and statistics are from the CuffDiff package. 
 

Gene RNAneg (FPKM) RNApos (FPKM) Fold 
change q value 

RPL32P3,SNORA7B 28.564 2.264 0.079 0.004 
- 2.610 0.314 0.120 0.004 

FOLR3 240.864 36.771 0.153 0.004 
CES1P1 6.609 1.243 0.188 0.007 
PRSS21 27.200 5.675 0.209 0.004 
CLEC6A 14.647 5.008 0.342 0.004 
TNNT1 16.329 5.939 0.364 0.004 
SNHG12 98.493 38.085 0.387 0.007 
A4GALT 4.571 1.936 0.424 0.048 
ANGPT4 11.975 5.533 0.462 0.004 
RBP4 106.405 49.183 0.462 0.004 
VGLL3 2.721 1.276 0.469 0.050 

SIGLEC14 17.276 8.115 0.470 0.015 
AMZ1 5.500 2.586 0.470 0.007 
TDRD9 3.778 1.800 0.477 0.047 
HPGD 47.266 23.025 0.487 0.004 
MME 93.331 49.041 0.525 0.004 
TPPP 6.134 3.417 0.557 0.007 
AQP3 160.986 89.982 0.559 0.004 

FAM134B 17.631 10.046 0.570 0.024 
LOC731424 14.312 8.295 0.580 0.015 

CPE 53.100 31.627 0.596 0.004 
THBD 57.126 34.194 0.599 0.004 
PLXNA2 2.685 1.613 0.601 0.048 
SEMA3C 30.316 18.585 0.613 0.010 
MGAT3 37.927 23.360 0.616 0.007 
GALNS 34.454 21.406 0.621 0.013 
CA2 70.112 43.800 0.625 0.020 

SGMS2 35.918 22.441 0.625 0.010 
MYADM 184.217 117.545 0.638 0.025 
KIF16B 13.152 8.421 0.640 0.032 
S1PR4 82.825 54.144 0.654 0.041 
PCOLCE2 88.691 58.299 0.657 0.024 
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PDLIM1 237.728 158.375 0.666 0.048 
BTG1 37.404 58.725 1.570 0.017 
INSIG1 21.004 33.450 1.593 0.041 
KHSRP 38.118 61.191 1.605 0.010 
MAP3K8 13.056 21.196 1.624 0.043 

GIMAP1,GIMAP1-
GIMAP5,GIMAP5 13.355 21.696 1.625 0.027 

LILRB4 21.259 34.636 1.629 0.024 
MS4A6A 75.465 123.004 1.630 0.010 
CD84 9.307 15.218 1.635 0.010 
PKD1P1 3.727 6.106 1.639 0.025 
NBEAL2 4.516 7.422 1.644 0.010 
SGK1 41.445 68.378 1.650 0.015 
CSF3R 9.650 15.946 1.652 0.020 
KIF21B 1.506 2.552 1.694 0.048 

HLA-DQA2 369.753 626.559 1.695 0.027 
NFKB2 5.048 8.580 1.700 0.045 
RASSF4 27.327 46.747 1.711 0.004 
MTRNR2L8 37.251 63.884 1.715 0.015 
PNRC1 43.963 75.572 1.719 0.004 
FCN1 23.707 40.781 1.720 0.027 
DNAJB1 52.694 91.405 1.735 0.013 
C3 4.463 7.746 1.736 0.022 

TAGAP 10.613 18.582 1.751 0.010 
C1orf63 25.668 45.092 1.757 0.010 
NFKBIA 54.899 97.609 1.778 0.004 
C15orf48 43.223 77.123 1.784 0.034 
STK17A 5.275 9.458 1.793 0.043 
METTL7A 8.556 15.464 1.807 0.004 
SLC36A1 2.672 4.836 1.810 0.024 
HCP5 12.950 23.645 1.826 0.017 
CD6 4.688 8.583 1.831 0.022 

ATP2B4 4.313 7.897 1.831 0.010 
PDE7A 2.482 4.559 1.837 0.048 
HSPA1B 18.307 33.908 1.852 0.004 
NCF1 11.018 20.612 1.871 0.015 
CSRNP1 9.871 18.724 1.897 0.004 
MREG 4.471 8.492 1.899 0.041 
ATP2A3 4.377 8.312 1.899 0.004 
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TNF 10.203 19.498 1.911 0.038 
APOBEC3G 9.295 17.808 1.916 0.004 
TNFAIP3 16.514 31.641 1.916 0.004 
CORO1A 24.158 46.597 1.929 0.004 
RASAL3 5.480 10.584 1.931 0.004 
MTRNR2L9 56.277 109.122 1.939 0.007 
GADD45B 22.727 44.337 1.951 0.004 
MLLT6 5.247 10.279 1.959 0.004 

CLDND2,ETFB,NKG7 55.177 108.361 1.964 0.004 
CTSK 6.319 12.742 2.017 0.025 
A2M 28.187 57.269 2.032 0.004 
VAMP5 23.146 47.550 2.054 0.013 
LGMN 42.437 88.101 2.076 0.004 
PDE4B 4.229 8.829 2.088 0.004 
CLK1 17.709 37.079 2.094 0.004 
NLRC5 4.469 9.383 2.099 0.004 
RNASE6 15.815 33.566 2.122 0.025 
KCNMA1 5.143 11.011 2.141 0.004 
ZFP36 78.974 169.974 2.152 0.004 
MYO15B 3.355 7.302 2.176 0.007 
GBP5 11.947 26.029 2.179 0.004 
JUNB 124.728 273.001 2.189 0.022 

CLEC10A 4.373 9.578 2.190 0.040 
PARP15 3.395 7.557 2.226 0.032 
CD5 1.885 4.202 2.229 0.022 
CD209 2.203 4.911 2.229 0.010 
DUSP5 2.845 6.355 2.234 0.013 
FOS 133.255 297.811 2.235 0.022 
EPHB2 1.080 2.425 2.245 0.041 
ZFP36L1 20.180 45.500 2.255 0.004 
CCND2 2.352 5.382 2.288 0.004 
DNAH1 0.999 2.287 2.291 0.034 
EGR1 13.185 30.227 2.293 0.004 
CD48 16.346 37.515 2.295 0.004 
DUSP1 116.448 267.988 2.301 0.027 
BTG2 35.244 81.436 2.311 0.004 

SERPINF1 4.588 10.616 2.314 0.017 
CD2 8.640 20.157 2.333 0.004 

ST8SIA4 2.325 5.442 2.341 0.015 
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FAM102A 2.505 5.884 2.349 0.004 
ADAM8 2.744 6.456 2.353 0.004 
PLCG1 1.540 3.627 2.355 0.004 
FAM198B 2.211 5.295 2.395 0.022 
RCSD1 4.071 9.773 2.401 0.004 
ST6GAL1 2.893 7.046 2.436 0.004 
SERPINB9 1.714 4.215 2.460 0.038 
ZNF331 5.345 13.215 2.472 0.004 
NR4A1 12.560 31.713 2.525 0.004 
BASP1 4.948 12.525 2.531 0.004 
FCGR2B 3.526 8.952 2.539 0.017 
ANXA6 5.154 13.287 2.578 0.004 
ADAM19 1.134 2.936 2.589 0.004 
FGL2 23.727 61.510 2.592 0.004 
PXN 1.159 3.031 2.615 0.017 

GIMAP7 4.592 12.081 2.631 0.015 
FYN 5.189 13.889 2.677 0.004 
LILRB5 3.288 8.806 2.678 0.004 
TRAF1 0.909 2.443 2.688 0.024 
BPIFB1 4.238 11.583 2.733 0.004 
CLSTN3 0.875 2.392 2.735 0.032 
PLXNC1 2.440 6.730 2.759 0.004 
PIGR 0.829 2.324 2.803 0.025 
NFATC2 1.240 3.491 2.816 0.004 
RASSF2 2.837 8.046 2.837 0.004 
RGL1 0.881 2.500 2.839 0.050 
SOCS3 12.152 34.585 2.846 0.004 
BIRC3 1.530 4.468 2.920 0.004 
CCR5 6.318 18.456 2.921 0.004 
CYBRD1 2.191 6.499 2.967 0.004 
CXCR4 25.555 76.292 2.985 0.004 
CARD11 1.092 3.277 3.001 0.004 
PLA2G7 6.739 20.350 3.020 0.004 
FAM101B 0.757 2.297 3.035 0.038 
ITK 2.046 6.260 3.060 0.004 
DYSF 1.024 3.186 3.111 0.004 
PLK2 1.345 4.231 3.144 0.017 
PTGS2 1.851 5.913 3.195 0.007 
MMP2 1.319 4.237 3.213 0.015 
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PTPN7 1.435 4.650 3.239 0.004 
ETS1 4.033 13.140 3.258 0.004 
MERTK 0.803 2.638 3.287 0.040 
C21orf7 5.194 17.227 3.316 0.004 
CXCL10 14.667 49.015 3.342 0.004 
MARCKS 4.267 14.279 3.347 0.004 
CCDC64 0.698 2.340 3.354 0.020 
ATF3 13.151 44.927 3.416 0.004 
- 1.503 5.160 3.434 0.004 

GAL3ST4 0.976 3.363 3.447 0.034 
CD69 15.795 54.675 3.462 0.004 
GNG2 1.833 6.388 3.486 0.004 
F2R 1.017 3.547 3.486 0.025 
LBH 2.282 8.169 3.580 0.004 
ARL4C 4.374 15.771 3.605 0.004 
IKZF3 1.234 4.457 3.612 0.004 
SEMA6B 9.063 32.781 3.617 0.004 
CXCL3 15.312 55.648 3.634 0.004 
SLC38A1 1.075 3.955 3.679 0.004 
NR4A3 1.176 4.351 3.699 0.004 

TMEM176B 15.048 55.836 3.711 0.004 
PRDM1 0.853 3.212 3.765 0.007 
CD3E 7.145 27.386 3.833 0.004 
EMB 1.423 5.605 3.940 0.004 

CLEC2D 1.862 7.341 3.943 0.004 
GZMM 2.190 8.665 3.957 0.043 
LCK 2.628 10.441 3.974 0.004 
JAK3 0.804 3.232 4.018 0.004 
SYNE2 0.854 3.524 4.127 0.022 
SNHG1 11.210 46.710 4.167 0.004 
DAPK3 12.372 52.667 4.257 0.004 
SLAMF7 3.151 13.645 4.330 0.004 
CST7 5.130 22.613 4.408 0.004 
CMKLR1 0.947 4.173 4.409 0.004 
IL8 13.493 59.769 4.430 0.004 

GNG11 2.745 12.512 4.558 0.036 
- 0.633 2.918 4.610 0.004 

FOSB 6.922 32.019 4.625 0.004 
OSM 3.753 17.384 4.632 0.004 
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FAM46C 0.873 4.053 4.644 0.004 
IL2RB 1.674 7.902 4.720 0.004 
- 1.647 7.780 4.725 0.004 

TNFSF9 0.705 3.388 4.803 0.025 
RGS2 11.136 53.576 4.811 0.004 
F13A1 2.009 9.735 4.845 0.004 
RNASE1 15.717 77.372 4.923 0.025 
STAB1 1.530 7.606 4.970 0.004 
MAMDC2 1.087 5.426 4.993 0.004 
NR4A2 4.461 22.853 5.123 0.004 
IFITM1 5.052 26.725 5.290 0.004 
TRAPPC4 25.005 134.419 5.376 0.004 
CCL13 7.210 39.317 5.453 0.004 
CD8A 4.941 27.588 5.584 0.004 
RGS1 16.552 94.288 5.696 0.004 
DUSP2 4.923 28.551 5.800 0.004 
CCL5 14.361 83.319 5.802 0.004 
GZMA 6.023 35.221 5.848 0.004 

PPP1R16B 0.703 4.231 6.014 0.004 
CXCL2 6.286 38.810 6.174 0.004 
- 1.052 6.585 6.261 0.004 

ALOX15 0.437 2.768 6.333 0.010 
GZMH 2.196 14.135 6.435 0.004 
CXCL9 4.216 27.183 6.448 0.004 
ITM2C 1.083 7.153 6.607 0.043 
CCL3 7.831 54.080 6.906 0.004 
CD8B 1.428 9.882 6.921 0.004 
TMEM42 11.513 82.674 7.181 0.004 
DUSP4 0.487 3.999 8.213 0.020 
SIK1 1.033 8.774 8.497 0.013 

CYP1B1 1.752 18.390 10.495 0.004 
SLC40A1 1.383 14.516 10.500 0.004 
CCL4 4.709 65.008 13.806 0.048 
SEPP1 3.986 55.629 13.955 0.004 
IFNG 1.419 23.367 16.466 0.004 
- 0.969 17.099 17.651 0.004 
IGJ 1.420 30.816 21.703 0.004 

ARHGAP24 10.078 701.576 69.616 0.004 
- 0.207 15.489 74.998 0.004 
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- 0.000 3.065 n/a 0.004 
- 0.000 243.819 n/a 0.004 
- 0.000 4.200 n/a 0.004 
- 0.000 3.896 n/a 0.004 
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